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Preface 


A question asked during discussion, or even ahead of it, excites a student’s mind and rouses his 
eagerness to probe, thus making the process of learning more thorough. During my teaching of 
polymer science and chemistry over a period of nearly four decades, I have thus always believed 
that learning becomes much easier if problem solving with a question-and-answer approach is in- 
timately integrated with the text. It was this belief that motivated me to embark on writing this 
new text on polymer science and polymer chemistry, even though I was fully aware that the field 
was already crowded with more than a dozen well-written polymer texts. Adopting a distinctly 
different and innovative approach, the text in this new polymer book has been laced with ques- 
tions and answers at every step of the development of a theory or concept in each chapter. The 
book thus features a significantly large number (286) of solved problems interspersed with the 
text that is spread over 720 pages. In addition, a large number (277) of problems are included as 
end-of-chapter exercises and these are fully worked out in a separate Solutions Manual. As my 
experience in teaching has shown me the value of dealing with numbers to deepen one’s under- 
standing, most of the problems with which the text is studded are numerical. The same is true for 
exercise problems appended at the end of each chapter and each such problem is provided with 
numerical answers that the reader can compare with his own. 

To describe the present book briefly, it is a revised and enlarged second edition of Introduction 
to Polymer Science and Chemistry: A Problem Solving Approach and it contains a total of 563 text- 
embedded solved problems and chapter-end exercise problems. It has evolved from the first edition 
by retaining all the latter’s ten chapters, which, however, have been fully relaid and restructured 
to afford greater readability and understanding, and adding two new and large chapters to deal 
with two recent topics that are said to have ushered in a renaissance in polymer chemistry, namely, 
living/controlled radical polymerization and application of “click” chemistry in polymer synthesis. 
The book thus has twelve chapters that fall into three distinct groups. The first four chapters 
introduce the reader to polymers and their basic characteristics, both in solid state and in solution, 
and the next six chapters are concerned with various polymerization reactions, mechanisms, and 
kinetics, while the last two chapters are devoted to two recent topics, as cited above, of great 
interest and importance in polymer chemistry. This division into groups is, however, notional and 
is not made explicit by numbering these groups of chapters separately. Instead, for convenience, a 
single sequence of numbers is used throughout the book. 

Chapter | is devoted to introductory concepts and definitions, while Chapter 2 deals with 
physical and molecular aspects of polymers, that is, those relating to molecular shape and size, 
distinctive characteristics, conformational and configurational behavior, structural features, mor- 
phology, thermal transitional phenomena, and relaxation properties. Chapter 3 discusses polymer 
solution behavior, the emphasis being on thermodynamics, phase equilibria, solubility, swelling, 
frictional properties, and viscosity. Molecular weight determination, which is one of the first steps 
of polymer characterization and a centrally important topic of polymer science, mostly involves 
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analysis of polymers in solution. The next chapter, Chapter 4, is therefore devoted to polymer 
molecular weights with focus on the fundamentals of molecular weight statistics and methods of 
measurement, their origins, and significance. 

The chemistry part of the book focusing on polymerization reactions, mechanisms, and kinet- 
ics starts with Chapter 5. Five main types of polymerization reactions — condensation (step), free 
radical (chain), ionic (chain), coordination (chain), and ring-opening — are dealt with separately 
in five essentially self-contained chapters. Copolymerization that may involve any of these poly- 
merization mechanisms is included in respective chapters, an exception being free-radical chain 
copolymerization which, in view of its great practical importance and considerable theoretical de- 
velopment that has taken place in this field, has been accorded the space of one full chapter. While 
polymerization reactions have been characterized on the basis of mechanisms and kinetic features, 
emphasis has been placed on understanding the reaction parameters which are important in con- 
trolling polymerization rates, degree of polymerization, and structural features, such as branching 
and crosslinking. 

The development of living/controlled radical polymerization (CRP) methods, which started 
only in 1985, has been a long-standing goal in polymer chemistry because a radical process is 
more tolerant of functional groups and impurities and is the leading industrial method to pro- 
duce polymers, while the livingness of polymerization allows unprecedented control of polymer 
types, architecture, end-functionalities, molecular weght, and distributions. CRP is thus among 
the most rapidly developing areas of polymer chemistry, with the number of publications nearly 
doubling each year in the initial phase of development. Presently, the most popular CRP meth- 
ods are nitroxide-mediated polymerization (NMP), atom transfer radical polymerization (ATRP), 
and reversible addition/fragmentation chain transfer (RAFT) techniques, all of which are described 
elaborately in the newly added Chapter 11, using once again the unique problem solving approach, 
which is a hallmark of the book. 

Since being introduced only in 2001, click chemistry, which may thus be called a new 21st 
century technique, has made great advances in the realm of polymer chemistry over the last 10 
years, giving access to a wide range of complex polymers (dendrimers, dendronized linear poly- 
mers, block copolymers, graft copolymers, star polymers, etc.) and new classes of functionalized 
monomers in a controlled fashion, which would be inaccessible or difficult to synthesize via con- 
ventional chemistry. Chapter 12, which is the last chapter of this new edition, is fully devoted to 
application of click chemistry in polymer synthesis, using the unique problem solving approach. 

In writing the first ten chapters, which deal with conventional polymer science and chemistry, 
I have received much inspiration and valuable guidance from the many well-known polymer texts 
that are currently available. However, I should make particular mention of George Odian’s Princi- 
ples of Polymerization (McGraw-Hill, New York, 1970), the first edition of which appeared when 
I was still a student and it made a marked impression on me. Another book which influenced me 
greatly was Rudin’s The Elements of Polymer Science and Engineering (Academic Press, Orlando, 
Florida, 1982), a prescribed text at the University of Waterloo, Canada, where I taught during a 
sabbatical year (1985-1986). 

For writing Chapters 11 and 12 on the two recent topics, living/controlled radical polymeriza- 
tion and polymer synthesis by click chemistry, which have not yet made a significant appearance in 
polymer chemistry textbooks, I have depended exclusively on original articles that appeared, espe- 
cially in the last ten years, in many reputed journals. Most of the articles have, however, appeared 
in journals published by the American Chemical Society and John Wiley & Sons. I am grateful to 
them for granting permission to reproduce some material in the book from these journals. 

While SI units are being used increasingly in all branches of science, non-SI units like the older 
cgs system are still in common use. This is particularly true of polymer science and chemistry. 
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In this book, therefore, both SI and non-SI units have been used. However, in most places where 
non-SI units have been used, equivalent values are given in SI terms. A suitable conversion table 
is also provided as an appendix. 

Synthesized polymers are utilized increasingly in our daily life, and a myriad of industrial 
applications have contributed to their phenomenal growth and expansion. As this requires poly- 
mer chemists and specialists in polymers, many universities throughout the world have set up 
teaching programs in polymer chemistry, science, and engineering. Their students are drawn from 
various disciplines in science and engineering. The present book is designed primarily for both 
undergraduate and graduate students and is intended to serve specially as a classroom text for a 
one-year course in polymer science and chemistry. Moreover, as two chapters have been added in 
the new edition focusing on recent advances in polymer chemistry over the last two decades, the 
book will also be useful to students doing research in the area of polymers. 

Polymer industry is the single largest field of employment for students of both science and 
engineering. However, most workers entering the field have little background in polymer science 
and chemistry and are forced to educate themselves in its basic principles. This book, with its 
easy style and a large number of illustrative, worked-out problems, will be useful to them as a 
self-contained text that guides a beginner in the subject to a fairly advanced level of proficiency. 

The manuscript of the book originated from a course in polymers that I offered to graduate 
students of chemistry and chemical engineering during my sabbatical year (1985-1986) at the 
University of Waterloo, Ontario, Canada, where I have also been a summer-term visiting faculty 
spanning over two decades (1980-2000). The manuscript has been tested since then and improved 
year after year to its present state as the course has been offered every year to a mixed class of 
students from various disciplines including chemistry, chemical engineering, metallurgy, civil en- 
gineering, electrical engineering, electronics, and aerospace engineering at the Indian Institute of 
Science, Bangalore, where I have served as a permanent faculty. A basic knowledge of mathemat- 
ics, chemistry, and physics is assumed on the part of the reader, while the book has been written to 
be self-contained, as far as possible, with most equations fully derived and any assumptions stated. 

In the interest of time, I took up the onerous task of preparing the entire book electronically. 
While I did all the (LaTex) typesetting, formatting, and page designing, I received valuable help 
from two colleagues, Dr. Ajay Karmarkar and Ms. B. G. Girija, who prepared computer graphics 
for all diagrams, chemical structures, and chemical formula-based equations. I thank both of 
them. I am deeply indebted to Dr. P. Sunthar, an acknowledged software expert on the campus, 
for guiding me patiently in the use of word processing softwares during this difficult venture 
and to Shashi Kumar of Cenveo Publisher Services, Noida, India, for performing the necessary 
conversions to font-embedded PDF for printing. 

Several academicians have contributed, directly or indirectly, to the preparation of this book. 
Among them I would like to mention Prof. K. F. O’Driscoll, Prof. G. L. Rempel, and Prof. Alfred 
Rudin, all of the University of Waterloo, Waterloo, Ontario (Canada), Prof. Kenneth J. Wynne of 
the Virginia Commonwealth University, Richmond, Virginia (USA), Prof. Harm-Anton Klok of 
Ecole Polytechnique Fédérale de Lausanne, Lausanne (Switzerland), Prof. Premamoy Ghosh of 
the Univeristy of Calcutta, Calcutta (India), and Prof. S. Ramakrishnan and Prof. M. Giridhar, 
both of the Indian Institute of Science, Bangalore (India). I express my gratitude to all of them. 

Interaction with students whom I met over the years during my long academic career, both 
in India and abroad, contributed greatly to the evolution of the book to its present form featuring 
a unique problem solving approach. It is not possible to thank them individually as the number 
is too large. However, I should mention, gratefully, two of my erstwhile students, Dr. Amitava 
Sarkar and Dr. Ajay Karmarkar, who were closely associated with me during the last few years 
of my service at the Indian Institute of Science, Bangalore, and provided help in many ways in 
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the making of this book. Finally, a word of appreciation and gratitude is due to three persons very 
close to me, namely, my wife Mridula, daughter Amrita, and little granddaughter Mallika, who 
showed remarkable understanding and patience, and gladly sacrificed their share of my time to 
facilitate my work. 


Manas Chanda 
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Chapter 1 


Introductory Concepts 


1.1 Basic Definitions 


Many of the terms, definitions, and concepts used in polymer science are not encountered in other 
branches of science and must be understood in order to fully discuss the synthesis, characterization, 
structure, and properties of polymers. While most of these are discussed in detail in subsequent 
chapters, some are of such fundamental importance that they must be introduced at the beginning. 


1.1.1 Polymer 


The term polymer stems from the Greek roots poly (many) and meros (part). The word thus means 
“many parts” and designates a molecule made up by the repetition of some simpler unit called 
a mer. Polymers contain thousands to millions of atoms in a molecule that is large; they are 
also called macromolecules. Polymers are prepared by joining a large number of small molecules 
called monomers. 

The structure of polystyrene, for example, can be written as 


www CH, —CH— CH, —CH—CH,—CH—CH,—CHwwws 


S'S e 


or, more conveniently, as (II), which depicts the mer or repeating unit of the molecule within 
parentheses with a subscript, such as n, to represent the number of repeating units in the polymer 
molecule. 


Fcm — cent 


(II) 


The value of n usually ranges from a few hundred to several thousand, depending on the 
molecular weight of the polymer. The polymer molecular weight may extend, on the higher side, 
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to several millions. Often the term high polymer is also used to emphasize that the polymer under 
consideration is of very high molecular weight. 


1.1.2 Monomer 


Monomers are generally simple organic molecules from which the polymer molecule is made. 
The structure of the repeating unit of a polymer is essentially that or closely related to that of 
the monomer molecule(s). The formula of the polystyrene repeating unit (II) is thus seen to be 
essentially the same as that of the monomer styrene CH? =CH-C6Hs5. 

The repeating unit of a linear polymer is a small portion of the macromolecule such that linking 
together these units one after another gives rise to the formula of the whole molecule. A repeating 
unit may be a single component such as (II) for the polymer (I), or it may consist of the residues 
of several components, as in poly(ethylene terephthalate), which has the structure: 


awo-ci-cHro-c( ))-6-o-cHlyCH o-c © c o-ciciro-e- (C cam 
O O O O O O 


m) 


The repeating unit in (I) may be written as 


—O-CH{H, O O 
O 


O 
(IV) 


Thus, the whole molecule of (III) can be built by linking the left-hand atom shown in (IV) to 
the right-hand atom, and so on. 

Though it has been stated above that structures of repeating units are essentially those of the 
monomers from which the polymers are made, this is not always the case. Considering, for exam- 
ple, poly(vinyl alcohol) : 


wwCH,—CH—CH,—CH—CH,—CH—CH,—CH 
-i ” “j > j 


OH OH OH OH 
(V) 


the obvious precursor monomer for this polymer is vinyl alcohol, CH2=CH-OH, which is an unsta- 
ble tautomer of acetaldehyde and does not exist. Poly(vinyl alcohol) is instead made by alcoholysis 
of poly(vinyl acetate), 


vite CH-CH—CH)~CH—CH—CH—CH— CH CH, CH 
OCCH, OCCH, OCCH,; OCCH; OCCH, 
Ò O O O Ò 


(VI) 


which, in turn, is synthesized by polymerization of the monomer vinyl acetate, CH2=CHOOCCH3. 
Another example is cellulose, which is a carbohydrate with molecular formula (C6H1005)n, 
where n is a few thousand. The structure is 
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H OH H OH 
mn vst H 
O Omww 


(VID 


Complete hydrolysis of cellulose by boiling with concentrated hydrochloric acid yields D-glucose, 

C6H1206, in 95% yield. Cellulose can thus be considered chemically as a polyanhydroglucose, 
though it cannot be synthesized from glucose. The concept of the repeating unit is most useful for 
linear homopolymers (see later). 


1.1.3 Molecular Weight and Molar Mass 


The term “molecular weight’ is frequently used in practice instead of the term ‘molar mass’, though 
the former can be somewhat misleading. Molecular weight is really a dimensionless quantity 
given by the sum of the atomic weights in the molecular formula. The atomic weights, in turn, 
are dimensionless ratios of the masses of the particular atoms to 1/12 of the mass of an atom 
of the most abundant carbon isotope 12C6 to which a mass of 12 atomic mass units (AMU) is 
assigned. (AMU, a unit used for expressing the atomic masses of individual isotopes of elements, 
is approximately 1.6604x10~-*4 g.) The molar mass of a substance, on the other hand, is the mass 
of 1 mol of the substance and usually is quoted in units of g/mol or kg/mol. The numerical value of 
molecular weight is multiplied by the specific units, such as g/mol, to convert it into an equivalent 
value of molar mass in dimensions of g/mol. Thus, a molecular weight of 100,000 is equivalent to 
a molar mass of 100,000 g/mol or 100 kg/mol. 

In this book, we shall retain the term ‘molecular weight’ because of its widespread use in the 
polymer literature. However, when using in numerical calculations we shall substitute the molec- 
ular weight by its numerically equivalent molar mass (g/mol) to facilitate dimensional balancing. 


1.1.4 End Groups 


In none of the above examples of the structural representation of polymers have the end groups 
been shown. This is partly because the exact nature of the end groups of polymer molecules is 
often not known and partly because end groups constitute an insignificant fraction of the mass 
of high molecular weight polymer and so usually have negligible effect on polymer properties of 
major interest. 


Problem 1.1 Calculate the end group content (weight fraction) of polystyrene of molecular weight 150,000, 
assuming that phenyl (C6Hs-) groups constitute both the end groups of an average polymer molecule. 


Answer: 
Molar mass of phenyl group = 6x12 + 5x1 =77 g mol"! 
2(77 g mol!) 


8 = 0001 
(1.5105 g mol`!) 


Wt. fraction of end groups = 
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1.1.5 Degree of Polymerization 


This term refers to the number of repeating units that constitute a polymer molecule. We shall use 
the abbreviation DP for the degree of polymerization defined in this way. The subscript n used on 
the parentheses in the foregoing structural formulas for polymers represents this DP. The relation 
between degree of polymerization and molecular weight M of the same macromolecule is given 
by 


M = (DP)M, (1.1) 


where M, is the formula weight of the repeating unit. 


1.1.6 Copolymers 


If a macromolecule is made from only one species of monomer, the product is a homopolymer, 
referred to simply as a polymer. The word homopolymer often is used more broadly to describe 
polymers whose structure can be represented by repetition of a single type of repeating unit con- 
taining one or more species. Thus, a hypothetical polymer {AB 4, made from A and B species is 
also a homopolymer, e.g., poly(ethylene terephthalate) (III). 

The formal definition of a copolymer is a polymer derived from more than one species of 
monomer. The copolymer with a relatively random distribution of the different mers or repeating 
units in its structure is commonly referred to as a random copolymer. Representing two different 
mers by A and B, a random copolymer can be depicted as 


—ABBABBBAABBAABAAABBA — 


There are three other copolymer structures : alternating, block, and graft copolymer structures 
(Fig. 1.1). In the alternating copolymer, the two mers alternate in a regular fashion along the 
polymer chain : 


—ABABABABABABABABABAB — 


A block copolymer is a linear polymer with one or more long uninterrupted sequences of each 
mer in the chain: 


—AAAAAAAAAABBBBBBBBBB— 


Block copolymers may have a different number of blocks in the molecule. Thus, A,B,, A,ByA,, 
A,ByA,By, (AxBy)n are referred to as AB diblock, ABA triblock, ABAB tetrablock, and AB 
multiblock copolymers, respectively. Since there is a distribution of block lengths and number of 
blocks along the copolymer chain, x and y as well as n represent average values. 


A graft copolymer, on the other hand, is a branched copolymer with a backbone of one type of 
mer and one or more side chains of another mer : 
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Figure 1.1 Copolymer arrangements: (a) Two different types of mers (denoted by open and filled circles) 
are randomly placed. (b) The mers are alternately arranged. (c) A block copolymer. (d) A graft copolymer. 


mw AAAAAAAAAAAAAAAAAAA Ww 


Copolymerization, which, in its objective, may be compared to alloying in metallurgy, is very 
useful for synthesizing polymer with the required combination of properties. 


1.2 Polymerization and Functionality 


Polymerization may occur only if the monomers involved in the reaction have the proper function- 
alities. Functionality is a very useful concept in polymer science. The functionality of a molecule 
is the number of sites it has for bonding to other molecules under the given conditions of the 
polymerization reaction (Rudin, 1982). Thus, a bifunctional monomer, i.e., a monomer with func- 
tionality 2, can link to two other molecules under suitable conditions. Styrene, CeHsCH=CH2, 
for example, has functionality 2 because of the presence of a carbon-carbon double bond. The 
minimum functionality required for polymerization is 2. 
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A polyfunctional monomer is one that can react with more than two molecules under the con- 
ditions of the polymerization reaction. Thus, divinyl benzene (VIID) is tetrafunctional in reactions 
involving additions across carbon-carbon double bonds, while glycerol (IX) is trifunctional and 
pentaerythritol, C(CH2OH)a, is tetrafunctional in polyesterification reactions. 


HC=CH 
BOC CAC OH 
OH 
(IX) 
HC=CH, 
(VID 


Functionality in polymerization is, however, defined only for a given reaction (Rudin, 1982). 
Thus, a glycol, HOROH, has a functionality of 2 in esterification or ether-forming reactions, but 
its functionality is zero in amidation reactions. 


Problem 1.2 What is the functionality of the following monomers in reactions with (i) styrene, C6H5 CH=CH» 
and (ii) adipic acid, HOOC(CH2)4COOH ? 


CH, 
h3 
(a) Ic 
O=C—OCH, 
(b) HOCH,CH, OH 


(c) H,C=CH-CH, OH 


CH, O O CH, 


ZO 


(e) D; 
$ 


(0) 


Answer: 

(i) In reaction with styrene, the functionalities of the monomers are : 
(a) 2 (one reactive carbon-carbon double bond) 
(b) 0 (-OH groups do not take part in addition reactions) 


(c) 2 (one reactive carbon-carbon double bond; -OH group 
nonreactive) 


(d) 4 (two reactive carbon-carbon double bonds) 


(e) 2 (one reactive carbon-carbon double bond) 


(ii) In reaction with adipic acid, the functionalities of the monomers are : 
(a) O (carbon-carbon double bond nonreactive) 


(b) 2 (two reactive -OH groups) 
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(c) 1 (one reactive -OH group; carbon-carbon double bond 


nonreactive) 
(d) 0 (carbon-carbon double bond nonreactive) 


(e) 2 (one reactive anhydride group, which is equivalent to 


two carboxylic acid groups, each of functionality 1) 


1.3 Polymerization Processes 


There are two fundamental polymerization mechanisms. Classically, they have been differenti- 
ated as addition polymerization and condensation polymerization. In the addition process, no 
by-product is evolved, as in the polymerization of vinyl chloride (see below); whereas in the 
condensation process, just as in various condensation reactions (e.g., esterification, etherification, 
amidation, etc.) of organic chemistry, a low-molecular-weight by-product (e.g., H20, HCI, etc.) 
is evolved. Polymers formed by addition polymerization do so by the successive addition of un- 
saturated monomer units in a chain reaction promoted by the active center. Therefore, addition 
polymerization is called chain polymerization. Similarly, condensation polymerization is referred 
to as step polymerization since the polymers in this case are formed by stepwise, intermolecular 
condensation of reactive groups. Another polymerization process that has now appeared as a new 
research area of considerable interest is supramolecular polymerization (see Section 1.3.3). 


1.3.1 Addition or Chain Polymerization 


In chain polymerization, a simple, low-molecular-weight molecule possessing a double bond, re- 
ferred to in this context as a monomer, is treated so that the double bond opens up and the resulting 
free valences join with those of other molecules to form a polymer chain. For example, vinyl chlo- 
ride polymerizes to poly(vinyl chloride) : 


| 
Cl 


Vinyl chloride Poly(vinyl chloride) 


Polymerization 
mocou MH {em-e}; 
Cl 


(1.2) 


It is evident that no side products are formed; consequently the composition of the mer or repeating 
unit of the polymer (-CH2—CHC1-) is identical to that of the monomer (CH2=CHC1). The identical 
composition of the repeating unit of a polymer and its monomer(s) is, in most cases, an indication 
that the polymer is an addition polymer formed by chain polymerization process. The common 
addition polymers and the monomers from which they are produced are shown in Table 1.1. 
Chain polymerization involves three processes: chain initiation, chain propagation, and chain 
termination. (A fourth process, chain transfer, may also be involved, but it may be regarded as a 
combination of chain termination and chain initiation.) Chain initiation occurs by an attack on the 
monomer molecule by a free radical, a cation, or an anion; accordingly, the chain polymerization 
processes are called free-radical polymerization, cationic polymerization, or anionic polymeriza- 
tion. A free radical is a reactive substance having an unpaired electron and is usually formed by the 


8 Chapter 1 


decomposition of a relatively unstable material called an initiator. Benzoyl peroxide is a common 
free-radical initiator and can produce free radicals by thermal decomposition as 


O O O 
II Il Il . 
R-C-—O-O-C-R > R-C—O' + R'+ CO, (1.3) 


(R = Phenyl group for benzoyl peroxide initiator) 


Free radicals are, in general, very active because of the presence of unpaired electrons (denoted 
by dot). A free-radical species can thus react to open the double bond of a vinyl monomer and add 
to one side of the broken bond, with the reactive center (unpaired electron) being transferred to the 
other side of the broken bond: 


i i 1 ji 
| l 

R-C-0O' + = —> Coe (1.4) 
X X 


(X = CH}, C,H,, Cl, etc.) 


The new species, which is also a free radical, is able to attack a second monomer molecule in 
a similar way, transferring its reactive center to the attacked molecule. The process is repeated, 
and the chain continues to grow as a large number of monomer molecules are successively added 
to propagate the reactive center : 


H H 
| Successive addition | 
Se i Tuomme ~ E Dain ) (1.5) 
X 


This process of propagation continues until another process intervenes and destroys the reac- 
tive center, resulting in the termination of the polymer growth. There may be several termination 
reactions depending on the type of the reactive center and the reaction conditions. For example, 
two growing radicals may combine to annihilate each other’s growth activity and form an inactive 
polymer molecule; this is called termination by combination or coupling : 


H H 
R-C-0-(cH,-Cf, + {cH} 0-6-8 
O x x O 
H H 
R€-0-fCHs-Ay-4— CH O-C=R (1.6) 
O X xX O 


Inactive polymer molecule 
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Table 1.1 Typical Addition Polymers (Homopolymers) 


Monomer Polymer Comments 
1. Ethylene Polyethylene (PE) High density polyethylene (HDPE) and low density 
CH3—=CH), —t-cH,—cH,}— polyethylene (LDPE); molded objects, tubing, film, 
n electrical insulation, used for household products, 
insulators, pipes, toys, bottles, e.g., Alkathene, 
Lupolan, Hostalen, Marlex. 
2. Propylene Polypropylene (PP) Lower density, stiffer, and higher temperature 
CH3—=CH —Ect)—cH resistance than PE; used for water pipes, integral 
CH, | n hinges, sterilizable hospital equipment, e.g., 
j CH; Propathene, Novolen, Moplen, Hostalen, Marlex. 
3. Styrene Polystyrene (PS) Transparent and brittle; used for cheap molded objects, 
CH z=CH —EcH,—cH e.g., Styron, Carinex, Hostyren, Lustrex. Modified with 
g rubber to improve toughness, e.g., High impact 
Polystyrene (HIPS) and acrylonitrile-butadiene-styrene 
copolymer (ABS). Expanded by volatilization of a 
blended blowing agent (e.g., pentane) to make 
polystyrene foam, e.g., Styrocell, Styrofoam. 
4. Acrylonitrile Polyacrylonitrile Widely used as fibers; best alternative to wool for 
H,C==CH—CN { cm-CH-}— sweaters, e.g., Orlon, Acrilan. 
n 
CN 
5: Vinylacetate Poly (vinyl acetate) Emulsion paints, adhesives, sizing, chewing gum, e.g., 
Oe mE, | oe Flovic, Mowilith, Mowicoll. 
(0) 
! 
om 
CH, 
6. Vinyl chloride Poly (vinyl chloride) (PVC) | Water pipes, bottles, gramophone records, plasticized 
CH3=CH-Cl —ecH,— CH} to make PVC film, leather cloth, raincoats, flexible 
Cl pipe, tube, hose, toys, electrical cable sheathing , e.g., 
Benvic, Darvic, Geon, Hostalit, Solvic, Vinoflex, 
Welvic. 
7. Tetrafluoroethylene Polytetrafluoroethylene High temperature resistance, chemically inert, excellent 
CFy=CF, (PTFE) electrical insulator, very low coefficient of friction, 
—{CF,—CF,—} expensive; moldings, films, coatings; used for non-stick 
surfaces, insulation, gaskets; e.g., Teflon, Fluon. 
8. Methyl methacrylate | Poly(methyl methacrylate) Transparent sheets and moldings; more expensive than 
CH3 (PMMA) PS; known as organic glass, used for aeroplane 
CHs=C ÇH; windows; e.g., Perspex, Plexiglass, Lucite, Diakon, 
deo ece h Vedril. 
C=O 
OCH; 
OCH; 
9, Isobutylene Polyisobutylene (PIB) Lubricating oils, sealants, copolymerized with 0.5-2.5 
ÇH; ÇH; mol% isoprene to produce Butyl rubber for tire inner 
CHy=C ECHO tubes and inner liners of tubeless tires. 
CH; CH; 
10. Tsoprene cis-1,4-Polyisoprene Tires, mechanical goods, footwear, sealants, caulking 
CH3=C—CH=CH) —ECH.—C=CH-CH2} compounds, e.g., Coral, Natsyn, Clariflex I. 
CH; CH; 
11. Butadiene cis-1,4-Polybutadiene Tires and tire products, e.g., Cis-4, Ameripol-CB, 


CH3=CH—CH=CH, 


{-CH,—CH=CH—CH)-}- 


Diene. 
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A second termination mechanism is disproportionation, shown by the following equation : 


H H 
R-c—0-4CH,-0)", + “(CCH F.0-C-R 
0 x X 6 p (1.7) 
H H H i 
R—C—0-4CHy-C) gH CH + Cac £¢—CH;}—0-C-R 
O Xx Xx X X O 


In chain polymerization initiated by free radicals, as in the previous example, the reactive 
center, located at the growing end of the molecule, is a free radical. As mentioned previously, 
chain polymerizations may also be initiated by ionic systems. In such cases, the reactive center is 
ionic, i.e., a carbonium ion (in cationic initiation) or a carbanion (in anionic initiation). Regardless 
of the chain initiation mechanism—free radical, cationic, or anionic—once a reactive center is 
produced it adds many more molecules in a chain reaction and grows quite large extremely rapidly, 
usually within a few seconds or less. (However, the relative slowness of the initiation stage causes 
the overall rate of reaction to be slow and the conversion of all monomers to polymers in most 
polymerizations requires at least 30 minutes, sometimes hours.) Evidently, at any time during 
a chain polymerization process the reaction mixture will consist only of unreacted monomers, 
high polymers and unreacted initiator species, but no intermediate sized molecules. The chain 
polymerization will thus show the presence of high-molecular-weight polymer molecules at all 
extents of conversion (see Fig. 1.2). 


Problem 1.3. Styrene monomer containing 0.02% (by wt.) benzoyl peroxide initiator was reacted until all 
the initiator was consumed. If at this stage 22% of the monomer remained unreacted, calculate the average 
degree of polymerization of the polymer formed. Assume 100% efficiency of the initiator (i.e., all initiator 
molecules are actually consumed in polymer formation) and termination of chain radicals by coupling alone. 


Answer: 

Basis: 1000 g styrene 

Molar mass of styrene (CgHg) = 8x12 +8x1 = 104 g/mol 
Molar mass of initiator, (C6HsCO)202 = 242 g/mol 


Amount of initiator = 0.20g 
(0.20 g) / (242 g mol7!) or 8.26x10~* mol 


Initiator fragment forming 


polymer end groups = 2 (8.26x10~* mol) = 1.652x10~3 mol 

Polymer formed by termination 

by coupling = (1.652x10-3 mol)/2 = 8.26x1074 mol 
Styrene reacted = (100 — 22) (1000 g)/ 100 

= 780g 

= (780g)/(104gmol™!) or 7.50 mol 

7.50 mol 
PS O a 


(8.26 x 1074 mol) 
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Figure 1.2 Variation of molecular weight with 
conversion in (a) step polymerization, (b) free- 


0 20 40 60 80 100 radical chain polymerization, and (c) ionic chain 
% Conversion polymerization. (Adapted from Odian, 1991.) 


1.3.2 Step Polymerization 


Step polymerization occurs by stepwise reaction between functional groups of reactants. The 
reaction leads successively from monomer to dimer, trimer, tetramer, pentamer, and so on, until 
finally a polymer molecule with large DP is formed. Note, however, that reactions occur at random 
between the intermediates (e.g., dimers, trimers, etc.) and the monomer as well as among the 
intermediates themselves. In other words, reactions of both types, namely, 


n-mer + monomer — (n + 1)-mer 
n-mer + m-mer — (n+m)-mer 


occur equally. Thus, at any stage the product consists of molecules of varying sizes, giving a range 
of molecular weights. The average molecular weight builds up slowly in the step polymerization 
process, and a high-molecular-weight product is formed only after a sufficiently long reaction 
time when the conversion is more than 98% [see Fig. 1.2(a)]. In contrast, polymerization by chain 
mechanism proceeds very fast, a full-sized polymer molecule being formed almost instantaneously 
after a chain is initiated; the polymer size is thus independent of reaction time [Fig. 1.2(b)]. 
In certain ionic chain polymerizations, which feature a fast initiation process coupled with the 
absence of reactions that terminate the propagating reactive centers, molecular weight increases 
linearly with conversion [Fig. 1.2(c)]. 

Since most (though not all) of the step polymerization processes involve polycondensation 
(repeated condensation) reactions, the terms “step polymerization” and “condensation polymer- 
ization” are often used synonymously. Consider, for example, the synthesis of a polyamide, i.e., a 
polymer with amide (-CONH-) as the characteristic linkage. If we start with, say, hexamethylene- 
diamine and adipic acid as reactants, the first step in the formation of the polymer (nylon) is the 
following reaction producing a monoamide: 


H,N-CH,}<—-NH, + HOC ect ig (OH 


HENNE NET ACR da On + H,O 
(1.8) 


Monoamide 
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The reaction continues step-by-step to give the polyamide nylon-6,6. The overall reaction may 
thus be represented as 


nH NCH} NH, + EEDE aan oe 


H-ENH£CH,}-NH—C-CH,};C4}—OH + (2n-1)H,O 
I I (1.9) 
Polychexamethylene adipamide) 


We see that the composition of the repeating unit (enclosed in square brackets) equals that of 
two monomer molecules minus two molecules of water. Thus a condensation polymer may be 
defined as one whose synthesis involves elimination of small molecules or whose repeating unit 
lacks certain atoms present in the monomer(s). 


Problem 1.4 Poly(hexamethylene adipamide) (Nylon-6,6) was synthesized by condensation polymeriza- 
tion of hexamethylenediamine and adipic acid in 1:1 mole ratio. Calculate the acid equivalent of the polymer 
whose average DP is 440. 


Answer: 

Polymer : H—ENH-(CH,)g—NH—C—(CH,),-C}-OH 
n 

n = 440 O O 

Molar mass of repeating unit = 226 g/mol 


Average molar mass = 440x226 + 18 or 99,458 g/mol 
Wt. of polymer (in grams) containing 
one acid equivalent = 99,458 


With the development of polymer science and the synthesis of new polymers, the previous 
definition of condensation polymer is inadequate. For example, in polyurethanes (Table 1.2), 
which are classified as condensation polymers, the repeating unit has the same net composition 
as the two monomers (i.e., a diol and a diisocyanate), which react without eliminating any small 
molecule. To overcome such problems, chemists have introduced a definition which describes 
condensation polymers as consisting of structural units joined by internal functional groups such 
as: 


CO- 
ester e -), amide er NH >, imide ( N, 
ji 
urethane CO —C-NH>, sulfide —S—, ether (—O—, 


(0) 
| 

carbonate ere and sulfone a linkages. 
(0) 
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A polymer satisfying either or both of the above definitions is classified as a condensation 
polymer. Phenol-formaldehyde, for example, satisfies the first definition but not the second. Some 
condensation polymers along with their repeating units and condensation reactions by which they 
can be synthesized are shown in Table 1.2. Some high-performance polymers prepared by poly- 
condensation are listed in Table 1.3. 

The ring-opening polymerizations of cyclic monomers, such as propylene oxide, 


O 
25N 
H,C—CH—cH, —> —f[cH, cH-Of, 


(1.10) 
CH, 
or €-caprolactam 
O 
j 
PAON 
(CH,}-NH —> -P -cn, cO (1.11) 


proceed either by chain or step mechanisms, depending on the particular monomer, reaction con- 
ditions, and initiator employed. However, the polymers produced in Eqs. (1.10) and (1.11) will 
be structurally classified as condensation polymers, since they contain functional groups (e.g., 
ether, amide) in the polymer chain. Such polymerizations thus point out very clearly that one 
must distinguish between the classification based on polymerization mechanism and that based on 
polymer structure. The two classifications cannot always be used interchangeably. Both structure 
and mechanism are usually needed in order to clearly classify a polymer. 


1.3.3 Supramolecular Polymerization 


Supramolecular polymers are a relatively new class of polymers in which mono-meric repeating 
units are held together with directional and reversible (noncovalent) secondary interactions (Lehn, 
2000), unlike conventional macromolecular species in which repetition of monomeric units is 
mainly governed by covalent bonding. A schematic comparison of a covalent polymer and a 
supramolecular polymer is shown in Fig. 1.3. 

The directionality and strength of the supramolecular bonding, such as hydrogen bonding, 
metal coordination, and x — 7 interactions, are important features resulting in polymer properties 
in dilute and concentrated solutions, as well as in the bulk. It should be noted that supramolecular 
interactions are not new to polymer science, where hydrogen bonding and other weak reversible 
interactions are important in determining polymer properties and architectures (Sherrington and 
Taskinen, 2001). However, for linear supramolecular polymers to form, it is a prerequisite to have 
strong and highly directional interactions as a reversible alternative for the covalent bond. Hydro- 
gen bonds between neutral organic molecules, though they hold a prominent place in supramolec- 
ular chemistry because of their directionality and versatility, are not among the strongest noncova- 
lent interactions. Hence, either multiple hydrogen bonds with cooperativity must be used or hydro- 
gen bonds should be supported by additional forces like excluded volume interactions (Brunsveld 
et al., 2001). Though the concept has been known for years, it was not known how to incorporate 
such sufficiently strong but still reversible interactions. However, in the past decade following 
the development of strong hydrogen-bonding dimers, several research groups have applied these 
dimers for the formation of hydrogen-bonded supramolecular polymers. Thus the finding by Si- 
jbesma et al. (1997) that derivatives of 2-ureido-4[1H]-pyrimidinone (UPy, 1 in Fig. 1.4) are easy 
to synthesize and they dimerize strongly (dimerization constant > 10° M7! in CHCIs) by self- 
complementary quadrupole (array of four) hydrogen bonding (2 in Fig. 1.4) prompted them to use 
this functionality as the associating end group in reversible self-assembling polymer systems. 


Table 1.2 Typical Condensation Polymers 


vl 


* R, R', R" represent aliphatic or aromatic ring. The repeating unit of the polymer chain is enclosed in parentheses. 


Polymer type Polymerization reaction* Comments 
Polyamide 4 Moldings, fibers, tirecord; poly(hexamethylene 
H,N—R—NH, —R'— —> H-+NH—R—NHC—R—C-+O0H + (20-1) H20 ZR ; 
(PA) ni 2 +°” HoT 5 ri a3 il cy + ? adipamide) (Nylon 6,6)e.g., Ultramid A; 
o 9 o o polycaprolactam (nylon-6), e.g., Ultramid B, 
n HyN—R—NH) + 1 Cl-C—R'—C—Cl > H { NH—R—NHC—R'—C el 4 (20-1) HCI Akulon, Perlenka, poly(hexamethylene 
ll ll u ll n sebacamide) (Nylon-6,10), e.g., Ultramid S, Zytel. 
n HN—R—COH —>» H NH-R—C OH (n-1) H,0 
i i oe i ), i : 
(0) O 
Polyester 1 HO—R—OH 4 i HO-C—R'—COH > HO { R—OC—R' co) H (21-1) H0 Textile fibers, film, bottles; poly(ethylene 
+ I i a Il Zn + 7 terephthalate) (PET) e.g., Terylene, Dacron, 
O o o Melinex, Mylar. 
n HO—R—OH + n R"O-C—R'—C-OR" —> no- -r—oc—r'—co}r" + (2n-1) R"OH 
Il li ll Il 7n 
oO (0) o 
n HO—R—COH > HO £ R co} H + (n-1)H,O 
Il Il 7n 
O 
Polyurethane n HO—R—OH 4 1 OCN—R'—NCO j H- 0—R-OC-NH—R'—NHC O—R—OC-NH-—R'—NCO | Rubbers, foams, coatings; e.g., Vulkollan, 
(PU) Il (n-1) Il Adiprene C, Chemigum SL, Desmophen A, 
Moltopren. 
Polysulphide — : 3 Adhesives, sealants, binders, hose, e.g., Thiokol. 
n CI—R—CI +! NaS, -> R Sx F + 2nNaCl 
Polysiloxane i i Elastomers, sealants, fluids, e.g., Silastic, 
n HO—si—on H0--si—0-+ 4 4 (0-1) H,0 Silastomer, Silopren. 
| | n 
Phenol- Plywood adhesives, glass-fiber insulation, molding 
formaldehyde compound, e.g., Hitanol, Sirfen, Trolitan. 
(PF) 
Urea- NA- ) n HO Particle-board binder resin, paper and textile 
formaldehyde 2r t i treatment, molding compounds, coatings, e.g., 
(UF) Beetle, Resolite, Cibanoid. 
Melamine- Ny N Dinnerware, table tops, coatings, e.g. 
H,N-C” XC-NH, 1cyH NHC* SC—NHCH n - > > , > 
formaldehyde i ami I a i 2 il i 2f +" HO Formica, Melalam, Cymel. 
(MF) NaN (0) N, AN 
NH3 NH, 


Į Tadeo 


Table 1.3 Some High-Performance Condensation Polymers 


Polymer type and polycondensation reaction 


Comments 


Polycarbonate (PC) CH3 9 CHs 9 
TORROX 42 Cl-C—C) —> POO -4 
| | n 
CH3 CH 


Polyethersulfone (PES) o 9 
n KO Oye —> OS 4 @-1) KCI 
i i n 
Polyetheretherketone O O 
Il Il 
(PEEK) n COX +’ LO Cc © F —> KO ZOX 
Poly(phenylene 


CROS 4 NaS —> O34 4 (20-1) NaCl 


sulphide) (PPS) 


Poly(p-phenylene o (0) 


terephthalamide) n -Ha +0 nC) NH; 


=O 


A 
T-Z 
+ 
F 
z 
i] 
Q 


- HO 


Polyimide 


+ (2n-1) HCI 


© + + (21-1) KF 
n 


Moldings and sheets; transparent and tough: 
used for safety glasses, screens and glazings, 
electrical and electronics, appliances, compact 
discs, e.g. Merlon, Baylon, Jupilon. 


Moldings, coatings, membranes; rigid, 
transparent, self-extinguishing, resistant to heat 
deformation: used for electrical components, 
molded circuit boards, appliances operating at 
high temperatures, e.g., Victrex PES. 


Moldings, composites, bearings, coatings; very 
high continuous use temperature (260°C): used 
in coatings and insulation for high performance 
wiring, composite prepregs with carbon fibers, 
e.g., Victrex PEEK. 


Moldings, composites, coatings; outstanding in 
heat resistance, flame resistance, chemical 
resistance and electrical insulation resistance: 
used for electrical components, mechanical 
parts, e.g., Ryton, Tedur, Fortron. 


High modulus fibers; as strong as steel but have 
one-fifth of weight, ideally suited as tire cord 
materials and for ballistic vests, e.g., Kevlar, 
Twaron. 


Films, coatings, adhesives, laminates; 
outstanding in heat resistance, flame resistance, 
abrasion resistance, electrical insulation 
resistance, resistance to oxidative degradation, 
high energy radiation and most chemicals 
(except strong bases): used in specialist 
applications, e.g., Kapton, Vespel. 
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Figure 1.3 Schematic representation of (a) a covalent polymer and (b) a supramolecular polymer. (After 
Brunsveld et al., 2001.) 
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Figure 1.4 Synthesis of a monofunctional 2-ureido-4[1H]-pyrimidinone (UPy) (1) and dimerization of 1 in 
solution forming a quadrupole hydrogen-bonded unit. (After Sijbesma et al., 1997.) 
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A difunctional UPy compound, 4 in Fig. 1.5, possessing two UPy units can be easily made in 
a one step procedure, from commercially available compounds, methylisocytosine (R = CH3) and 
hexyldiisocyanate (R” = C6H12). The compound forms very stable and long polymer chains (5 in 
Fig. 1.5) in solution as well as in the bulk (Brunsveld et al., 2001). Dissolving a small amount 
of the compound in chloroform gives solutions with high viscosities, while calculations show that 
polymers with molecular weights of the order of 10° can be formed. Deliberate addition of small 
amounts of monofunctional compounds (1 in Fig. 1.4) results in a sharp drop in viscosity, proving 
that linkages between the building blocks are reversible and unidirectional and that the monofunc- 
tional compounds act as chain stoppers. For the same reason, the supramolecular polymers show 
polymer-like viscoelastic behavior in bulk and solution, whereas at elevated temperatures they 
exhibit liquid-like properties (Brunsveld et al., 2001). 

The quadrupole hydrogen-bonded unit can be employed in the chain extension of telechelic 
oligomers such as polysiloxanes, polyethers, polyesters, and polyacrbonates (Folmer et al., 2000). 
Thus the electrophilic isocyanate group (-NCO) of ‘synthon’ (3 in Fig. 1.5) can be reacted with 
common nucleophilic end groups (-OH or —NH2) of telechelic oligomers, resulting in supramolec- 
ular polymers by chain extension (Fig. 1.6). Thus the material properties of telechelic polymers 
have been shown to improve dramatically upon functionalization with synthon, and materials have 
been obtained that combine many of the mechanical properties of conventional macromolecules 


H H H H UPy -NCO 
Ve l | 
N N-R-N N N 
X y y aT 
Oo 
\~ Nee Q po Za 
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Figure 1.5 Preparation of (a) UPy possessing an isocyanate functional group (3) and (b) a difunctional UPy 
compound (4) which forms a supramolecular polymer by hydrogen bonding (cf. Fig. 1.4). (After Folmer et 
al., 2000; Brunsveld et al., 2001.) 
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Figure 1.6 Schematic representation of the formation of supramolecular polymer (7) by chain extension of 
reactive telechelic oligomer with UPy. (From Folmer et al., 2000. With permission from John Wiley & Sons, 
Inc.) 


with the low melt viscosity of oligomers (Brunsveld et al., 2001). In contrast to conventional high- 
molecular-weight polymers, supramolecular (reversible) polymers with a high “virtual” molecular 
weight show excellent processability due to the strong temperature dependency of the melt vis- 
cosity (Folmer et al., 2000). Moreover, hybrids between blocks of covalent macromolecules and 
supramolecular polymers can be easily made. 


1.4 Molecular Architecture 


Polymers can be classified, based on structural shape of polymer molecules, as linear, branched, 
or network (cross-linked). Schematic representations are given in Fig. 1.7. 

Linear polymers have repeating units linked together in a continuous length [Fig. 1.7(a)]. Ina 
linear polymer each repeating unit is therefore linked only to two others. When branches protrude 
from the main polymer chain at irregular intervals [Fig. 1.7(b)], the polymer is termed a branched 
polymer. Branches may be short, forming a comblike structure [Fig. 1.7(b)] or may be long and 
divergent [Fig. 1.7(c)]. Branched polymers are thus those in which the repeating units are not 
linked solely in a linear way. 


wes Ge 


(a) Linear (b) Short branched 
Figure 1.7 Schematic representa- 
(c) Long branched (d) Cross-linked tion of various types of polymer 


molecules. The branch points and 
junction points are indicated by heavy 


(e) Ladder 
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Branched polymers may be formed either because at least one of the monomers has function- 
ality greater than 2 or because the polymerization process itself creates branching points on the 
polymer chain. An example of the first type is the polymer made, for instance, from styrene and a 
very small amount of divinyl benzene (VIII). A segment of such a macromolecule might look like 
(X): 


smn (HCH —CH—CH»—CH—CH»—CH—CH 


SESS 
oe ow (© 


“ (X) a 


A good example of the second type of branched polymer is the polyethylene that is made by 
free radical polymerization at high temperatures (100-300°C) and pressures (1,000-3,000 atm). 
The extent of branching varies considerably depending on reaction conditions and may reach 
as high as 30 branches per 500 monomer units. Branches in polyethylene are mainly short 
branches (ethyl and butyl) and are believed to result from intramolecular chain transfer during 
polymerization (described later in Chapter 6). This branched polyethylene, also called low-density 
polyethylene (LDPE), differs from linear polyethylene (high-density polyethylene, HDPE) of a 
low-pressure process so much so that the two materials are generally not used for the same appli- 
cation. 

The term branched commonly implies that the polymer molecules are discrete, which means 
that they can generally be dissolved in a solvent and their sizes can be measured by some of the 
methods described in Chapter 4. 

A network polymer [Fig. 1.7(d)], on the other hand, can be described as an interconnected 
branched polymer. For example, a three-dimensional or space network structure will develop, 
instead of the branched structure (X), if styrene is copolymerized with higher concentrations of 
divinyl benzene. In a network structure, all polymer chains are linked to form one giant molecule 
and the molecular weight is “infinite” in the sense that it is too high to be measured by stan- 
dard techniques (see Problem 1.5). Because of their network structure such polymers cannot be 
dissolved in solvents and cannot be melted by heat; strong heating only causes decomposition. 


Problem 1.5 For a network polymer sample in the form of a sphere of 1 cm diameter with a density of 
1.0 g/cm, estimate the molecular weight assuming that the sample constitutes a single molecule. (Avogadro 


number = 6.021023 molecules/mol). 
Answer: 
Mol z (mao Ja d ber) 
olar mass = Molecule vogadro number 


= (Vol. of sphere)(Density)(Avogadro number) 
jeunes cm)? 


6 
3.15x10? g mol"! 
Molecular weight = 3.15x10% 


| (1.0 g cm~?) (6.02x10”? mol!) 
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If the average functionality of a mixture of monomers is greater than 2, copolymerization 
reaction to a sufficiently high conversion yields network structures (see Chapter 5). Network 
polymers can also be made by chemically linking already formed linear or branched polymers and 
the process is called crosslinking. Vulcanization is an equivalent term that is commonly used for 
rubbers. Sulfur crosslinks are introduced into a rubber by heating it with sulfur (1-2% by weight) 
and accelerating agents. Sulfur reacts with the double-bonded carbon atom to produce a network 
structure, as shown schematically in Fig. 1.8. 


Problem 1.6 Assuming that each crosslink produced by vulcanization [Fig. 1.8(b)] contains an average of 
two sulfur atoms, calculate the sulfur content of vulcanized natural rubber that is 50% crosslinked. (Neglect 
sulfur other than that is part of the crosslink.) 


Answer: 
Molar mass of isoprene [Fig. 1.8(a)], CsHg = 5x12 + 8x1 = 68 g/mol. According to representation in Fig. 
1.8(b), each sulfide crosslink joins two isoprene units. With x = 2, one sulfur atom, on the average, is required 
for crosslinking per isoprene repeating unit. Therefore, 

(0.5)(32 g) 


O5G2e) + ey T OA 


Sulfur content 


Problem 1.7 A rubber contains 60% butadiene, 30% isoprene, 5% sulfur, and 5% carbon black. If each 
sulfide crosslink contains an average of two sulfur atoms, what fraction of possible crosslinks are joined by 
vulcanization ? (Assume that all the sulfur is present in crosslinks.) 


Answer: 
Molar mass of butadiene (C4H6) = 54 g/mol. Molar mass of isoprene (C5Hg) = 68 g/mol. 


Since one sulfur atom, on the average, is required for crosslinking per repeating unit (cf. Problem 1.6), 
(5 9/2 g mol!) 

(60 g)/(54 g mol™!) + (30 g)/(68 g mol!) 

0.101 or 10.1%. 


fraction of cross-links = 


A ladder polymer consists of two parallel strands with regular crosslinks [Fig. 1.7(e)] in be- 
tween, as in polybenzimidazopyrrolone (XI). This polymer is made by polycondensation of py- 
romellitic dianhydride (XID and 1,2,4,5-tetraminobenzene (XIII). The polymer is nearly as resis- 
tant as pyrolytic graphite to high temperatures and high energy radiation. It does not burn or melt 
when heated but forms carbon char without much weight loss. 
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Figure 1.8 Vulcanization of natural rubber with sulfur. (a) Linear polyisoprene (natural rubber). (b) An ide- 
alized structure produced by vulcanization with sulfur. The number (x) of sulfur atoms in sulfide crosslink- 
ages is 1 or 2 in efficient vulcanization systems but may be as high as 8 under conditions where cyclic and 
other structures are also formed in the reaction. (c) The effect of crosslinking is to introduce points of linkage 
or anchor points between chain molecules, restricting their slippage. 


A ladder (or two-strand) structure, as shown above, is one that has an uninterrupted sequence 
of rings joined one to another at two connecting atoms. A semiladder structure, on the other 
hand, is one in which there are single bonds interconnecting some of the rings. Polyimide (XIV) 
obtained by polycondensation of pyromellitic anhydride (XID and m-phenylenediamine (XV) is 
an example of semiladder polymer. 
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1.5 Classification of Polymers 


Polymers can be classified in many ways, such as by source, method of synthesis, structural shape, 
thermal processing behavior, and end use of polymers. Some of these classifications have already 
been considered in earlier sections. Thus, polymers have been classified as natural and synthetic 
according to source, as condensation and addition (or step and chain) according to the method 
of synthesis or polymerization mechanism, and as linear, branched, and network according to the 
structural shape of polymer molecules. According to the thermal processing behavior, polymers 
are classified as thermoplastics and thermosets, while according to the end use it is convenient to 
classify polymers as plastics, fibers, and elastomers (Rudin, 1982). 


1.5.1 Thermoplastics and Thermosets 


A thermoplastic is a polymer that softens and hardens reversibly on changing the temperature. 
Both linear and branched polymers are thermoplastic. Thus, they can be softened and made to 
flow by application of heat. Fabrication processes like injection molding, extrusion molding, and 
blowing take advantage of this feature to shape thermoplastic resins. The rigidity of thermoplastic 
resins at low temperatures is attributed to the existence of secondary forces between the polymer 
chains. These bonds are destroyed at higher temperatures, thereby causing fluidity of the resin. 


OH 
i | 
TOR n = O — “TO CH3 © CH3 © CH,— 


2 Z 2 CH, 
a © ae Ô 
C -Stage resin 


Figure 1.9 Equation (idealized) for the production of phenol-formaldehyde resins. 


A thermosetting plastic is a polymer that can be caused to undergo cross-linking to produce a 
network polymer, called a thermoset polymer. Quite commonly, thermosetting resins are prepared, 
by intent, in only partially polymerized states (prepolymers), so that they can be deformed in a 
heated mold and then hardened by curing (crosslinking). 

The most important thermosetting resins in current commercial applications are phenolic resins 
(Fig. 1.9), amino-resins (Fig. 1.10), epoxy resins (Fig. 1.11), unsaturated polyester resins (Fig. 
1.12), urethane foams (Fig. 1.13), and the alkyds (Fig. 1.14). The conversion of an un-crosslinked 
thermosetting resin into a crosslinked network is called curing. For curing, the resin is mixed with 
an appropriate hardener and heated. However, with some thermosetting systems (e.g., epoxies 
and polyesters), the curing occurs even with little or no application of heat. Epoxies are often 
preferred to polyesters because they have superior corrosion resistance, mechanical properties, 
and high-temperature properties, but they are more difficult to handle due to higher viscosities. 
Vinyl esters, which are obtained by reacting epoxies with an unsaturated acid such as acrylic acid 
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Network polymer (UF) 
Figure 1.10 The two important classes of amino-resins are the products of condensation reactions of urea 
and melamine with formaldehyde. Reactions for the formation of urea formaldehyde amino-resins (UF) are 
shown. Preparation of melamine-formaldehyde resins (not shown) is similar. 
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Figure 1.12 Equations for 
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(a) Prepolymer formation: 
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(b) Chain extension of prepolymer: 
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(ii) With glycols wwwNCO + HO—R—OH + OCNwww — =  wwNH—C—O—R—O—C—NHw 
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Pee | | 
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(c) Crosslinking of chain-extended polyurethane: 
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Figure 1.13 Equations for the preparation, chain extension, and curing of polyurethanes. 
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Figure 1.14 Equations for preparation of network glyptal resin. 
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Figure 1.15 Equations for preparation and curing of a vinyl ester. 
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Figure 1.16 Aging of (a) polyethylene and (b) natural rubber by oxidative crosslinking. 


or methacrylic acid, combine the benefits of epoxy resins with the lower viscosity and faster curing 
of unsaturated polyesters. Since vinyl esters contain a double bond (instead of the epoxide group) 
at each end of the molecule, they can be cured in the same way as polyesters after being dissolved 
in styrene (Fig. 1.15). 

Aging of polymers is often accompanied by crosslinking due to the effect of surroundings. 
Such crosslinking is undesirable because it greatly reduces the elasticity of the polymer, making 
it more brittle and hard. The well-known phenomenon of aging of polyethylene with loss of 
flexibility is due to crosslinking by oxygen under the catalytic action of sunlight [Fig. 1.16(a)]. 
Natural rubber undergoes a similar loss of flexibility with time due to oxidative crosslinking [Fig. 
1.16(b)]. This action may be discouraged by adding to the polymer an antioxidant, such as a 
phenolic compound, and an opaque filler, such as carbon black, to prevent entry of light (Rudin, 
1982). 


1.6 Plastics, Fibers, and Elastomers 


The distinction between plastics, fibers, and elastomers is most easily made in terms of the tensile 
stress-strain behavior of representative samples (Rudin, 1982). The curves shown in Fig. 1.17 are 
typical of those obtained in tension for a constant rate of loading. The parameters of each curve are 
normal stress (force applied on the specimen divided by the original cross-sectional area), nominal 
strain (increase in length divided by original length), and the modulus (slope of stress-strain curve). 
The slope of the curve near zero strain gives the initial modulus. 

It may be seen that while fibers have high initial tensile moduli in the range 3x10° — 14x10° 
MN/m? (3x104 — 14x104 kgf/cm?), elastomers have low initial moduli in tension, typically up to 
7 MN/m? (71 kgf/cm”), but they generally stiffen (as shown by higher moduli) on stretching. Plas- 
tics, in general, have intermediate tensile moduli, typically 3x10? — 3x10° MN/m? (3x10 — 3x104 
kg/cm?), and their elongation at break varies from a few percent for brittle materials like polystyrene 
to about 400% for tough, semicrystalline polyethylene. 

If the polymer molecule is rigid, it will have less tendency to coil up on itself, and most 
segments of a given molecule will therefore contact segments of other molecules rather than those 
of its own. A prime example is the aromatic polyamide fiber, poly(p-phenylene terephthalamide) 
(XVI) marketed as Kevlar. It is wet-spun from a solution in concentrated sulfuric acid into fibers 
which can be stretched to two or three times their original length. The products are as strong 
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as steel but have one-fifth the weight, and can be heated without decomposition to temperatures 
exceeding 500°C. 
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Figure 1.17 Stress-strain curves. (a) Synthetic fiber, like nylon-6,6. (b) Rigid, brittle plastic, like polystyrene. 
(c) Tough plastic, cellulose acetate. (d) Elastomer, like lightly vulcanized natural rubber. (1 kgf/cm? 
= 0.098 MN/m?) (After Rudin, 1982.) 
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The requirements that must be satisfied by polymers to be used as textile fibers can thus be 
summarized as (Rudin, 1982): (1) linear molecules, (2) high molecular weight, and (3) a perma- 
nent orientation of the molecules parallel to the fiber axis. The molecules must have a high degree 
of order and/or secondary forces to permit orientation and crystallization. The chain orientation 
necessary to develop sufficient strength by crystallization is achieved by a process known as cold 
drawing, in which the initially formed filaments (unoriented or only slightly oriented) are drawn 
at a temperature above the glass transition temperature (see Chapter 2), which is the temperature 
at which sufficient energy is available to the molecular segments to cause them to begin to rotate. 

Some polymers can be used both as fibers and as plastics, depending on the extent of macro- 
molecular alignment in them. Polyamides, polyesters, and polypropylene are prime examples of 
such polymers used in both areas. In the fiber making process, known as cold drawing, the poly- 
mer molecules are aligned in the fiber direction, thereby increasing the intermolecular forces and 
crystallization. This increases the tensile strength and stiffness and reduces the elongation at break. 
Thus, typical poly(hexamethylene adipamide) (nylon-6,6) fibers have tensile strengths around 700 
MN/m? (7.1x10° kgf/cm?) and breaking elongations about 25%. Without cold drawing, the same 
polymer, used as plastics, has tensile strengths only around 70 MN/m? (7.1x10? kgf/cm’) and 
breaking elongations near 100%. The macromolecules in such articles are randomly oriented and 
much less extended than in the fiber. 

Not all plastics can be converted into practical fibers, however, because the intermolecular 
forces or crystallization tendency may be too weak to attain high strength by axial orientation. 
Synthetic fibers are therefore made generally from polymers whose chemical composition and 
geometry enhance intermolecular attractive forces and crystallization. Such polymers can be con- 
verted from plastics to fibers by suitable treatment to cause axial alignment, as explained above. 

Elastomeric materials, like thermoplastic resins and fibers, are essentially linear polymers. But 
certain distinctive features in their molecular structure give rise to rubberlike elasticity. Conven- 
tional elastomers consist of highly flexible nonpolar macromolecules that coil up on themeselves 
in the unstressed condition, thereby reducing drastically the extent of intermolecular contacts. A 
large deformation is possible merely by reorienting the coiled molecules. When elongated, the 
macromolecular coils partially open up and become aligned more or less parallel to the direction 
of elongation. This results in an increase in the number of intermolecular contacts and in the 
sum of intermolecular attractions. In the stressed condition, a rubber is thus harder than in the 
unstressed condition. The aligned configuration, however, represents a less probable state or a 
state of lower entropy than a random arrangement. The aligned polymer chains therefore have a 
tendency to return to their randomly coiled state. 

The large deformability of elastomeric materials is due to the presence of a certain internal 
mobility that allows rearranging the chain orientation, the absence of which in linear chain plastic 
materials (at normal temperature) constitutes the essential difference between the two groups. 
Polyethylene, which has weak intermolecular forces but a high degree of crystallinity due to its 
highly symmetrical and regular molecular structure, is not capable of elastomeric behavior because 
the crystallites prevent easy coiling or uncoiling of the macromolecules (Rudin, 1982). 

Although the aforesaid requirements are necessary conditions for ensuring a large extent of de- 
formability, the remarkable characteristic of the rubbery state—namely, nearly complete recovery — 
cannot be obtained without a permanent network structure, since permanent deformation rather 
than elastic recovery will occur. A small amount of crosslinkage is necessary to provide this es- 
sential network structure. However, the amount of crosslinkage must be as small as possible to 
retain the structure; excessive crosslinkages will make the internal structure too stiff to permit even 
the required rearrangement of chain orientation during deformation and recovery —in other words, 
it will destroy the rubbery state. An example of this is best furnished by ebonite, which is a rigid 
plastic made by vulcanizing (crosslinking) natural rubber with large quantities of sulfur. 
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1.7 Polymer Nomenclature 


Polymer nomenclature has been largely a matter of custom without any one system being univer- 
sally adopted. Though a systematic IUPAC nomenclature now exists for polymers, this nomen- 
clature is rarely used because a common naming system is widely accepted through the force of 
usage. The common naming system, based either on the source of the polymer, the structure of the 
polymer, or trade names, usually works without difficulty because the number of polymers that are 
of interest to the average worker in the field does not exceed a few dozen, and so are not difficult 
to remember. However, as new polymers enter the area of common usage the number may become 
too large eventually, necessitating a wider usage of the IUPAC nomenclature. In the following, 
however, only the common naming system (Rudin, 1982) will be described. 

For the common nomenclature the usual practice is to name a polymer according to its source, 
i.e., the monomer(s) used in its synthesis, and the generic term used is poly“monomer’”, whether or 
not the monomer is real. The prefix ‘poly’ is added on to the name of the monomer to form a single 
word, e.g., polyethylene, polystyrene, and polyacrylonitrile (see Table 1.1). However, when the 
monomer has a multiworded name, the name of the monomer after the prefix ‘poly’ is enclosed in 
parentheses, e.g., poly(vinyl chloride), poly(vinyl alcohol) and poly(methyl methacrylate) (Table 
1.1). 

A few polymers are given names based on the repeating unit without reference to the parent 
monomer. The primary examples are silicones, which possess the repeating unit 


R 
5-0}- 

R 

(XVID 


Thus, if R = CH3, the polymer is named as poly(dimethy] siloxane). 

The nomenclature of random copolymers includes the names of the monomers separated by 
the interfix -co-. Thus (XVIII) is named as poly(styrene-co-methy] methacrylate) or poly(methyl 
methacrylate-co-styrene), the major component being named first. For alternating copolymers, 
the interfix -alt- is used, e.g., poly (styrene-alt-maleic anhydride) (XIX) 


(XVIII) 


ww CHy~ CH CH~CH—CH,—CH—CH—CH-CH—CH—CH—CH ww 
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Graft copolymers of A and B monomers are named poly(A-g-B) or poly A-graft-poly B 
with the backbone polymer A)r- mentioned before the branch polymer. Some examples are 
poly(ethylene-g-styrene) or polyethylene-graft-polystyrene and starch-graft-poly(methy] metha- 
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crylate). In the nomenclature of block copolymers, b or block is used in place of g or graft, 
e.g., poly(A-b-B) or poly A-block-poly B, poly(A-b-B-b-A) or poly A-block-poly B-block-poly A, 
poly(A-b-B-b-C) or poly A-block-poly B-block-poly C, and so on. Thus the triblock polymer (XX) 
is called poly(styrene-b-butadiene-b-styrene) or polystyrene-block-polybutadiene-block-polysty- 
rene. For commercial products, such polymers are usually designated by the monomer initials; 
thus, structure (XX) is named SBS block copolymer. 


—{CH,—CH-+}—{ CHy- CH=CH-CH)},{ CH—CH) }- 


(XX) 


Condensation polymers are frequently named from the internal linking group between hydro- 
carbon portions. Thus, (IID) is a polyester which can be written as --O-R-O-—CO-R’-CO>,;-— and 
(XVI) is a polyamide written as (HN-R-NH-CO-R’-CO),-. Similarly, --O-R-O-CO-NH-R’— 
NH-CO),- is a polyurethane, and --R-—SO?;- is a polysulfone. 

In the common naming system, condensation polymers are named by analogy with the lower- 
molecular-weight products produced by condensation. Thus, since all esters are named by adding 
the suffix ‘ate’ to the name of the parent acid (e.g., ethyl acetate), polymer (III) is named poly(ethy- 
lene terephthalate) according to the parent acid, terephthalic acid, which is a para diacid. The 
word ‘ethylene’ here implies ‘ethylene glycol’ because the alcohol used must be a glycol if the 
polymer is to be linear. Similar reasoning is also followed in naming polyamides. Thus, the word 
‘hexamethylene’ in poly(hexamethylene adipamide) obviously implies hexamethylene diamine 
because the polymeric structure could be made by the condensation reaction of hexamethylene 
diamine H2N(CH2)6NH2, and adipic acid, HOOC(CH2)4COOH. 

An alternative naming system is often used for synthetic polyamides derived from unsubsti- 
tuted nonbranched aliphatic monomers. Thus, a polyamide made from either an amino acid or a 
lactam is called nylon-x, where x is the number of carbon atoms in the repeating unit. A nylon 
made from a diamine and a dibasic acid is designated by two numbers, the first representing the 
number of carbons in the diamine chain and the second the number of carbons in the dibasic acid. 


Problem 1.8 Name the polyamides made from the following monomers and draw their structural formulas 
(one repeating unit). 


(a) Caprolactam; (b) w-aminoundecanoic acid; (c) dodecyl lactam; (d) hexamethylene diamine and sebacic 
acid, and (e) hexamethylene diamine and decanedioic acid. 


Answer: 


(a) Nylon-6: -—~ENH-(CH2)5—CO 47, 


(b) Nylon-11: —-NH-(CH»)19-CO4n 


(c) Nylon-12: —+NH-(CH2)11—-COJ7 


(d) Nylon-6,10: -NH~(CH7)6-NH-CO-(CH3)g-CO47 


(e) Nylon-6,12: -—-NH-(CH2)6—NH-—CO-~(CH)2);9CO4;- 


There are a few polymers for which the commonly used names convey relatively little informa- 
tion about the repeating unit structure. The primary examples are polycarbonate, poly(phenylene 
oxide), polyamide-imides, polysulfones, and polyether ketones (see Table 1.3). 
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EXERCISES 


1.1 Represent, by showing a repeating unit, the structure of the polymer which would be obtained by 
polymerization of the following monomers : 


(a) w-aminolauric acid; (b) lauryl lactam; (c) ethylene oxide; (d) oxacyclobutan; (e) ethylene glycol 
and terephthalic acid; (f) hexamethylene diamine and sebacic acid; (g) ethylene glycol and phenylene 
diisocyanate; (h) m-phenylene diamine and isophthaloy! chloride 


1.2 Draw the structural formula (one repeating unit) for each of the following polymers: (a) poly(4- 
methylpent-1l-ene); (b) poly(chlorotrifluoroethylene); (c) poly(vinyl ethyl ether); (d) poly(vinylidene 
chloride); (e) polyethyleneimine; (f) poly(methyl-2-cyano-acrylate); (g) polychloroprene; (h) poly(buty- 
lene terephthalate); (i) poly(1,2-propylene oxalate); (j) poly(dihydroxymethylcyclohexyl terephthalate); 
(k) poly-caprolactam (nylon-6); (1) polyformaldehyde; (m) poly-oxymethylene; (n) poly(propylene ox- 
ide); (0) poly (propylene glycol); (p) poly(p-phenylene sulfone); (q) poly(dimethyl siloxane); (r) poly 
(vinyl butyral); (s) poly (p-phenylene); (t) poly(p-xylylene); (u) polycaprolactone 


1.3 What is the degree of polymerization of each of the following polymers with molar mass 100,000 
g/mol ? 
(a) polyacrylonitrile 
(b) polycaprolactam 
(c) poly(trimethylene ethylene-urethane) 
[Ans. (a) 1887; (b) 885; (c) 532] 
1.4 What is the functionality of the following monomers in reaction with (a) methyl methacrylate and (b) 
ethylene glycol ? 
(i) Divinyl benzene 
(ii) Maleic anhydride 
(iii) Phthalic anhydride 
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1.7 


1.8 
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(iv) Acrylic acid 
[Ans. (1)(a) 4, (b) 0; (ai) (a) 2, (b) 2; (aii) (a) 0, (b) 2; (iv) (a) 2, (b) 1] 


What is the functionality of the monomer shown 
CH, CH)—COOH 


(a) in a free radical or ionic addition reaction through C = C double bonds, 
(b) in a reaction that produces amide linkages, 

(c) in a reaction that produces ester linkages ? 

[Ans. (a) 4; (b) 2; (c) 1] 


What is the acid value of polycaprolactam (nylon-6) with average DP 500? [Note: Acid value or acid 
number is defined as the number of milligrams of KOH required to neutralize 1 g of polymer.] 
[Ans. 1] 


How would you determine experimentally whether the polymerization of an unknown monomer was 
proceeding by a step or a chain mechanism ? 


(a) Referring to the epoxy-amine reaction shown in Fig. 1.7, determine the functionality of the digly- 
cidyl ether of bisphenol A (I) in a hardening reaction with diethylene triamine (II). 


Ie 
Leg | \ / 
O CH, O 
(I) 
(II) 
(b) What is the functionality of (ID in this reaction ? 
[Ans. (a) 2; (b) 5] 
Each of the following polymers can be synthesized from different monomers 
(a) —[-O(CH2)5CO-]n— 
(b) —(-OCH2CH2CH2—-)n— 
(c) -[-NH-(CH2)7-CO-]n 


Show by equations the overall chemical reactions involved in the synthesis of these polymers from 
different monomers. 


Classify the polymers in Exercise 1.1 as to whether they are condensation or addition polymers. Classify 
the polymerizations as to whether they are step, chain, or ring opening polymerizations. 


Name the polymers obtained in Exercise 1.1 according to their source, i.e., the monomer(s) used in 
their synthesis. 
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1.12 Name the following condensation polymers according to the common nomenclature 


(a) —Fo-ceny,-0-e 4) 


O O 
(b) Fo- Yeno Oee 
O O 


(c) a ea 


ool 
n 


[Ans. (a) Poly(tetramethylene terephthalate) or poly(butylene terephthalate); (b) polycyclohexylene 
terephthalate) or poly(dihydroxymethylcyclohexy1 terephthalate); (c) poly(hexamethylene sebacamide); 
(d) poly(m-phenylene isophthalamide)] 


1.13 Write repeating formulas and names based on common nomenclature (non-IUPAC) for (a) Nylon-6; 
(b) Nylon-6,6; (c) Nylon-11; (d) Nylon-6,10; (e) Nylon-5,7. 
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Chapter 2 


Chain Dimensions, Structures, and 
Transitional Phenomena 


2.1 Introduction 


The size and shape of a polymer chain are of considerable interest to the polymer scientist, as 
they influence the physical behavior of a polymer. We shall, however, confine ourselves to the 
models of the random coil for a polymer chain, as this is usually believed to be most appropriate 
for synthetic polymers. 

The unordered (amorphous) state of aggregation in which the polymer chains also assume 
random conformations represents one extreme in the physical state of the polymer. This is the 
state that exists in such amorphous states as solution, melts, or some solids, the randomness being 
induced by thermal fluctuations. The other extreme is the case where the molecules are able 
to pack closely in perfect parallel alignment as is found in those polymers that exhibit fibrous 
behavior—that is, in those possessing a high degree of crystallinity and crystal orientation. In 
between these two extremes of amorphous and crystalline polymers there is a wide spectrum of 
polymeric materials with different degrees of crystallinity and amorphous character. These are 
called semicrystalline. 


2.2 Polymer Chains: Structures and Dimensions 


Before trying to answer questions about the dimension and shape of polymer molecules, we should 
first consider a simple molecule such as butane and examine the behavior when the molecule is ro- 
tated about the bond joining two adjacent carbons. This rotation produces different conformational 
states of the molecule. 


2.2.1 Conformational Changes 


The term conformation (Koenig, 1980) is used to describe the spatial arrangements of various 
atoms in a molecule that may occur because of rotations about single bonds. The planar cis and 
planar trans conformations of a n-butane molecule produced by rotations about the bond joining 
carbons 2 and 3 are illustrated in Fig. 2.1, while the Newman and “saw horse” projections of the 
same molecule in these two conformations are shown in Fig. 2.2. Figure 2.3, on the other hand, 
shows the potential energy of the molecule as a function of the angle ¢ through which the C3—C4 
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CH, -- CH, -- CH, -- CH, 


© O G O 


Planar cis 
[0] 
C4"7C4 distance= 2.6A 


Ò Planar trans 


CC, distance = 3.94 


Figure 2.1 Conformations produced by rotation about C2-C3 bond of n-butane molecule. Each carbon 
atom in this molecule, being sp? hybridized, is tertrahedral with bond angles of 109.50°. The planar cis 
conformation, corresponding to the closest approach of the two bulky methyl groups, is the least stable. 


Conversely, the planar trans conformation, where the bulky groups are farthest apart, is the most stable. 
(After Young and Lovell, 1990.) 


acu, 
H. H 
(a) 
H D H 
CH, 
47 
CH, 
CH, 
(b) 
H 
H H 


Figure 2.2 Newman and “saw horse” projections for n-butane. (a) A staggered state (planar trans) with 
angle of bond rotation ¢ =0 and (b) an eclipsed state (planar cis) with ¢ = 180°. 
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Figure 2.3 Potential energy of n-butane as a function of the angle of bond rotation. (After Young and 
Lovell, 1990.) 
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Figure 2.4 Newman projections of the eclipsed and staggered conformations of n-butane molecule. (After 
Young and Lovell, 1990.) 
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bond is rotated from the planar trans conformation (¢ = 0) about the plane of C1—C2-C3. The 
minima correspond to the staggered conformations, namely, one planar trans (ġ = 0) and two 
gauche (@ = + 120°) conformations. All three can be regarded as discrete rotational states. The 
three staggered conformations are shown as Newman projections in Fig. 2.4 along with the three 
eclipsed conformations that give rise to the maxima in Fig. 2.3. The higher potential energy of the 
eclipsed states impose restrictions on the molecular conformation. 

For a polymer, the above type of steric interactions occur at a local level in short sequences of 
chain segments, the conformation about a given chain segment being, however, dependent upon 
the conformations about the segments on either side to which it is directly connected. Such inter- 
dependent steric restrictions influence the local chain conformations all along the polymer chain 
and thus affect its shape and size. 

The short-range interactions, as shown above, are important in determining the relative prob- 
abilities of existence of different conformations in a polymer chain. Thus the ratio of the number 
of trans (n;) to gauche (ng) states is given by 


ng/m% = 2exp(—Ae/kT) (2.1) 


where k is the Boltzmann constant, Ae is the energy difference between the energy minima in the 
trans and gauche states, and the factor of 2 arises because of the + gauche states available. When 
Ae is less than the thermal energy kT provided by collisions of segments, none of the three possible 
staggered forms will be preferred and all will be equally probable at the given temperature. If this 
occurs, the overall conformation of an isolated polymer molecule will be a random coil. However, 
when Ae > kT, there will be preference for the trans state. 


2.2.1.1 Polyethylene 


The potential energy diagram for polyethylene -~-CH2—CH2,- will be expected to be very similar 
to that for butane shown above, since the conformations can be obtained simply by substituting the 
—CH3 groups on C2 and C3 in Fig. 2.1 by two segments of the polymer chain adjoining the bond of 
rotation. The distribution of trans (t) and gauche (g) states along a chain will be a function of the 
temperature and the relative stability of these states. Consequently, there is an unequal distribution 
of each (see Problem 2.1). 


Problem2.1 For polyethylene, the energy difference between the gauche and trans states is about 3.34 
kJ/mol. Calculate the ratio of the number of trans and gauche states along a chain at 100, 200, and 300°K. 
Answer: 

Ae = 3.34kJmol!, k = 1.38x10°3 JKT 


Ae = (3.34x 10° J mol!)/(6.02x 10”? molecules mol!) 


= 0.55x10~” J (molecule)~! 
From Eq. (2.1): 
ng/n; = 2 exp[(-0.55 x 10-79) /(1.38 x 10°73 xT )] 
T: 100°K 200°K  300°K 


Ng/N; : 0.036 0.264 0.524 
At low temperatures, trans states are thus preponderant. 


Since the backbone of polyethylene molecule is composed of a chain of tetrahedral carbon 
atoms, the molecule in all-trans conformation has a linear zigzag structure (like corrugated sheets) 
shown in (I). (The dotted lines denote bonds below and the wedge signifies bonds above the plane 
of the page.) 
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CH, H 
Chain | | Chain 
Cc n C n+ ~~~ 
(a) | 
CH, H 
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H3 CH 3 H3C CH, H3 CH3 
H H 
(b) Gauche Trans or anti Gauche 


Figure 2.5 (a) Schematic diagram showing two adjacent carbons, Cy and C,+1, in the main chain of poly- 
isobutylene. (b) Newman projections of staggered conformations of adjacent carbons in the main chain. 


Linear polyethylene is thus capable of close-packing into tight unit cell and is highly crystalline, 
despite its low cohesive energy. The all-trans zigzag form is the shape of the molecule in crys- 
talline regions of polyethylene. However, at higher temperature the n,/n; ratio increases (see 
Problem 2.1) showing that the chain becomes less extended and more coiled as the temperature 
increases. 


2.2.1.2 Polyisobutylene 


To describe the effects of steric restrictions in another polymer, polyisobutylene, consider the 
Newman projections of the staggered conformations of two adjacent carbons in its repeat unit, as 
shown in Fig. 2.5. Here the chain substituent on the rear carbon is either between a methyl group 
and polymer chain or between two methyl groups on the front carbon. There is no significant 
energy difference between the conformers. Since no conformation is favored, polyisobutylene 
will tend to form both a helix (gauche conformers) and a zigzag (II), thereby assuming a highly 
flexible random coil formation. The polymer thus exhibits rubbery properties at room temperature. 
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Figure 2.6 Newman projections of the six possible conformations of polypropylene. 


2.2.1.3 Polypropylene 


Considering again two adjacent carbons in the main chain of the polymer, six conformations are 
now possible because of the presence of an asymmetrically substituted carbon atom, as shown in 
Fig. 2.6. Forms 1 and 6 can be neglected for steric reasons; so four different conformations are 
still possible for the polymer. Atactic polypropylene (see Stereoisomerism) has two trans forms (2 
and 5) in the fully extended state (IIT) and so, unlike polyisobutylene, is incapable of crystallizing 
upon being stretched. Isotactic polypropylene, however, having all the methyl groups on one side, 
crystallizes easily. 
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2.2.2 Polymer Conformations in Crystals 


The conformation of a polymer in its crystal will generally be that with the lowest energy consistent 
with regular placement of structural units in the unit cell. Helical conformations occur frequently 
in polymer crystals. Helices are characterized by a number f; where f is the number of monomer 
units per j number of complete turns of the helix. Thus, polyethylene could be characterized as a 
1, helix in its unit cell with an all-trans conformation. The arrangement of the molecules in the 
polyethylene crystal structure is illustrated in Fig. 2.7. 

Isotactic polypropylene crystallizes as a 3, helix because the bulky methyl substituents on 
every second carbon atom in the polymer backbone force the molecule from an all-trans con- 
formation into a trans/gauche/trans/gauche... sequence with angles of rotation of 0°(trans) fol- 
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Figure 2.7 Model of the packing of polymer chains in the crystal structure of polyethylene in which a = 
7.41 A, b = 4.94 A, and successive pendant atoms are 2.55 A apart along the chain axis. 


lowed by a 120°(gauche) twist. In syndiotactic polymers (see Stereoisomerism) the substituents 
are farther apart because the configurations of successive asymmetric carbons alternate and so the 
trans/trans/trans... planar zigzag conformation is generally the lowest energy form. This con- 
formation is observed in syndiotactic poly(vinyl chloride) and 1,2-polybutadiene. Syndiotactic 
polypropylene can also crystallize in this conformation but a trans/trans/gauche/gauche.... se- 
quence forming a 2, helix is slightly favored energetically. 

In polymers having polar groups, intermolecular electrostatic attractions exert strong influ- 
ence on chain conformation in their crystals. In polyamides, hydrogen bonds form between the 
carbonyls and NH groups of neighboring chains (Fig. 2.8) and influence the crystallization of 
the polymer in the form of sheets, with the macromolecules themselves packed in planar zigzag 
conformations [see Fig. 2.8(b)]. 


Problem2.2 Explain the fact that conversion of the amide groups -CONH- in nylon to methylol 
groups —CON(CH2OH)-— by reaction with formaldehyde, followed by methylation to ether groups — 
CON(CH,OCH3)— results in the transformation of the fiber to a rubbery product with low modulus and high 
elasticity. 


Answer: 


Replacing the -NH- hydrogen in polyamides by an ether group curtails the intermolecular hydrogen bond- 
ing. Hence at low degrees of substitution the modulus is reduced and a more elastic fiber is obtained. As the 
substitution increases, the crystallinity is completely destroyed and rubbery property appears. 
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Our discussion above on polymer conformations in single chains and in crystals has assumed 
regularity of macromolecular structure. However, irregularities such as inversions of monomer 
placements (head-to-head instead of head-to-tail), branches, and changes in configuration may 
occur. These irregularities, which are considered in a later section, may inhibit crystallization and 
have a profound effect on polymer properties. 
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Figure 2.8 (a) Hydrogen bonds between neighboring chains of polyamide. (b) Alignment of chains in 
hydrogen-bonded sheets in the crystal structure of nylon-6,6. (After Holmes et al., 1955.) 


2.2.3 Polymer Size in the Amorphous State 


The development of the random coil by H. F. Mark and many further developments by P. J. Flory 
led to a description of the conformation of chains in the bulk amorphous state. Neutron scattering 
studies revealed that the conformation in the bulk is close to that found in solution in ©-solvents 
(see Chapter 3), thus strengthening the random coil model. On the other hand, some workers 
suggested that the chains have various degrees of either local or long range order. 
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distance. 


Using the concept of free rotation of the carbon-carbon bond, Guth and Mark (1934) developed 
the idea of the “random walk” or “random flight” of the polymer chain, which eventually led to 
the famous relationship between the end-to-end distance of the main chain and the square root of 
the molecular weight, described below. 


2.2.3.1 Freely Jointed Chains 


A simple measure of chain dimensions is the length of the chain along its backbone. It is known 
as the contour length. For a chain consisting of n backbone bonds each of length /, this contour 
length is nl. However, because of the fixed bond angle (109.5°) of carbon, the maximum end-to- 
end distance of the polymer chain will be somewhat less than nl (see Fig. 2.9 and Problem 2.3). 
For linear flexible chains that are more like random coils, the distance separating the chain ends, 
i.e., the end-to-end distance r (Fig. 2.10), will be even considerably less than nl. 


Problem 2.3 For a linear molecule of polyethylene of molecular weight 1.4x10° what would be the end- 
to-end distance of the polymer molecule in the extended (all-trans) state, as compared to the contour length 
of the molecule ? 


Answer: 

The polyethylene molecule may be represented skeletally in a planar zigzag form as shown in Fig. 2.9, where 
l =0.154 nm and 0 = 109.5°. In order to perform the calculation, the number n of backbone bonds is required. 
It can be obtained from the molar mass of the molecule since there is only one methylene group per backbone 
bond (neglecting chain ends, which make an insignificant contribution to molecular weight for long chains): 


n = 14x10°/14 = 10,000 
The contour length is the length of the molecule along its backbone and so is given by 

Contour length = nl = 10,000 (0.154 nm) = 1540 nm 
Since each bond in the fully extended molecule has a projection of /sin(6@/2), the end-to-end distance r is 
given by 

r = (10,000) (0.154 nm) sin (109.5°/2) = 1258 nm 


(Magnified a million times, the chain could be represented by a piece of wire 1.26 m long and 0.3 mm in 
diameter.) 


For an isolated polymer molecule it is not possible to assign a unique value of r because 
the chain conformation (and hence r) changes continuously due to rotation of backbone bonds. 
Since the single polymer chain can take any of an infinite number of conformations, an average 
magnitude of r over all possible conformations is therefore computed from the mean of the squares 
of end-to-end distances and is called the root mean square (RMS) end-to-end distance, represented 
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by (r?)!/?, where () means that the quantity is averaged over time. It is given by a rather simple 
equation (see Appendix 2.1): 
CP = nl (2.2) 


where the subscript f indicates that the result is for a freely-jointed chain. 
Equation (2.2) reveals that aye 2 is a factor of n!/? smaller than the contour length nl. Since n 
is large, this highlights the highly coiled nature of flexible polymer chains. 
The dimensions of polymer molecules are also described often in terms of the RMS distance 
of a chain segment from the center of mass of the molecule. It is defined as the square root of the 
average squared distance of all the repeating units of the molecule from its center of mass and is 


known simply as the RMS radius of gyration, (S *)'/?. It is thus given by (Orfino, 1961) 
n 
(S*) = AmE s) (2.3) 


i=1 
where s; is the vector distance from the center of mass to the ith unit of the chain in one particular 
conformation of the molecule and n is the total number of units. The angular brackets denote a 
linear average over all possible conformations of the molecular chain. 

The radius of gyration has the advantage that it also can be used to characterize the dimensions 
of branched macromolecules (with more than two chain ends) and cyclic macromolecules (with 
no chain ends). Moreover, properties of dilute polymer solutions that are dependent on chain 
dimensions are controlled by (S 251/2 rather than by (ry, 

The radius of gyration is directly measurable by light scattering (see Chapter 4), neutron scat- 
tering, and small angle scattering experiments, whereas the end-to-end distance is not directly 
observable and has no significance for branched species as they have more than two ends. How- 
ever, for high-molecular-weight linear macromolecules that have random coil shapes, (5 2}! is 
uniquely related to (r2)! by 


(r2)t/2 
(= (2.4) 
v6 
and so in the theoretical treatment of linear flexible chains it is usual to consider only (ry, 


2.2.3.2 Real Polymer Chains 


The freely jointed chain is a simple model for predicting chain dimensions. It is, however, physi- 
cally unrealistic. Since each carbon atom in a real polymer chain is tetrahedral with fixed valence 
bond angles of 109.5°, the links are subject to bond angle restrictions. Moreover, the links do 
not rotate freely because, as we have seen earlier, there are energy differences between different 
conformations (cf. Fig. 2.3). Both of these effects cause (r°)! to be larger than that predicted by 
the freely jointed chain model. 

The first modification to the freely jointed chain model is the introduction of bond angle re- 
strictions while retaining the concept of free rotation about bonds. This is called the valence angle 
model. For a polymer chain with all backbone bond angles equal to 6, this leads to Eq. (2.5) for 
the mean square end-to-end distance 

iy = nË (; = cost) 


2.5 
1 + cos ea 


where the subscript fa indicates that the equation is applicable for chains in which the bonds rotate 
freely about a fixed bond angle. 

Since 180°> 6 > 90°, cos@ is negative and (r) is greater than ni? of the freely jointed chain 
model [Eq. (2.2)]. For polymers having C-C backbone bonds with 6 = 109.5°for which cos@ = 
-4, the equation becomes 

(\ tq = 2n? (2.6) 
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Thus for polymers such as linear polyethylene, bond angle restrictions cause the RMS end-to-end 
distance to increase by a factor of V2 from that of the freely-jointed chain. 


Problem 2.4 Fora linear molecule of polyethylene of molecular weight 1.4x10° what would be the RMS 
end-to-end distance according to the valence angle model as compared to that according to the freely-jointed 
chain model and the end-to-end distance of a fully extended molecule ? Comment on the values obtained, 
indicating which one is a more realistic estimate of chain dimensions. 


Answer: 

Length of each bond,/ = 0.154 nm (see Fig. 2.9); number of bonds, n = 10,000 (see Problem 2.3) 

End-to-end distance of a fully extended molecule = 1258 nm (see Problem 2.3) 

The RMS end-to-end distance, according to freely jointed chain model, is obtained from Eq. (2.2): 
(Py? = (10,000)! (0.154 nm) = 15.4nm 

The RMS end-to-end distance according to valence angle model is obtained from Eq. (2.5): 


1 — cos(109.5?) 
1 + cos(109.5°) 
Comment: The most realistic of the above three estimates of chain dimensions is that afforded by the 


valence angle model. This is because it takes into account coiling of the molecule and also restriction due to 
fixed valence bond angle. 


1 
21/2 L z 
(r?) = (10,000)? (0.154 nm) = 21.8 nm 


The valence angle model, though more realistic than the freely jointed model, still underesti- 
mates the true dimensions of polymer molecules, because it ignores restrictions upon bond rotation 
arising from short-range steric interactions. Such restrictions are, however, more difficult to quan- 
tify theoretically. A simpler procedure is to assume that the conformations of each sequence of 
three backbone bonds are restricted to the rotational isomeric states that correspond to the potential 
energy minima such as those shown for n-butane in Fig. 2.3. For the simplest case of polyethylene 
and for vinylidene-type polymers, the application of the rotational isomeric state theory yields the 
following equation 


(2.7) 


Pie =k (3 - ale + st | 


1 + cos@/\ 1 — cosd 


where the subscript ha indicates that the result is for a polymer chain with hindered rotation about 
a fixed bond angle. The quantity cos ¢ represents the average value of cos , where ¢ is the angle 
of bond rotation as defined for n-butane (see Figs. 2.3 and 2.4). If the bond rotation is free or 
unrestricted, all values of ¢ are equally probable causing the positive and negative values of cos 
to cancel each other out, so that cos@ = 0 and Eq. (2.7) then reduces to Eq. (2.5). However, due 
to short-range steric restrictions, values of || < 90° are more probable which means that cos ¢ 
is positive and (r7)nq is greater than (r’) fa- Moreover, if bulky side groups occur on the polymer 
chain, e.g., phenyl group in polystyrene, there will be additional steric interactions due to side 
groups, producing further hindrance to bond rotation. Since these effects are difficult to evaluate 
theoretically, Eqn. (2.7) is usually written in a semi-empirical form (Young and Lovell, 1990) as 


1- 0 
Ph = Pe (1 ) (2.8) 
1 + cosé 
where o is a steric parameter and is the factor by which (yl? exceeds Cy . It is usually 


evaluated from values of (r7)!/* measured experimentally (the subscript o indicating that the result 


is observed and not calculated) and typically has values between 1.5 and 2.5. 
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One can obtain an idea of the stiffness of a polymer chain from the ratio (r? yl CK ah that is, 


the square root of the ratio, C» = (r?) / nl2, called the characteristic ratio (Young and Lovell, 
1990). The value of C} indicates how much greater the RMS end-to-end distance of a real 
polymer chain is, compared to that of the freely jointed chain. 


Problem2.5 A real polymer chain consisting of n bonds each of length / may be usefully represented 
by an equivalent freely jointed chain of N links each of length b such that it will have the same end-to-end 
distance and the same contour length. Obtain N and b in terms of the characteristic ratio Cœ of the polymer 
chain. 


Answer: 
If both chains have the same end-to-end distance, then 

(r2)) = Nb? (P2.5.1) 
Also, if both have the same contour length, then 

nl = Nb (P2.5.2) 


From Eqs. (P2.5.1) and (P2.5.2), 


_ o _ Hol 


ae = ae = Col (P2.5.3) 
and 
rl? n 
N= Gye = T (P2.5.4) 
oO foe} 


When an average end-to-end distance of a macromolecular coil is (r?) Se as given by Eq. (2.7) 
or more generally ip yu? as given by Eq. (2.8), the polymer is said to be in its “unperturbed” 
state (see below). Henceforth the subscript ‘o° will be used to indicate the unperturbed state of a 
polymer molecule. 

The model considered above does not impose any restriction on the relative positions of the 
bonds widely separated in the chain, or, in other words, does not prevent parts of the chain occu- 
pying the same space. In a real situation, however, this cannot happen as each part of an isolated 
polymer molecule excludes other more remotely connected parts from its volume. Because of 
these long-range steric interactions, the true RMS end-to-end distance, (r2)! 2 is greater than the 
unperturbed dimension (r?)}2. These effects are usually considered in terms of an excluded vol- 
ume (see Chapter 3) and the extent to which unperturbed dimensions are perturbed in real chains 
is defined by an expansion factor œ such that 


OY sari? (2.9) 


Perturbations in chain dimensions are also caused by interactions of the chain with its molecular 
environment, e.g., with solvent molecules or other polymer molecules. The effects of these inter- 
actions are also reflected in the expansion parameter œ. In a theta solvent (see Chapter 3), œ is 
reduced to unity and the end-to-end distance of a polymer chain is then the same as it would be in 
bulk polymer at the same temperature. 


Problem 2.6 Assuming that the RMS end-to-end distance is an approximation to the diameter of the spher- 
ical, coiled polymer in dilute solution, calculate the volume occupied by one molecule of polystyrene (molec- 
ular weight 10°) in a theta solvent at 25°C. (Carbon-carbon bond length = 1.54x1078 cm; tetrahedral 
bond angle =~ 109.5°; steric parameter, o, for polystyrene at 25°C = 2.3) 
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Answer: 

Molar mass of styrene = 104 g mol”! 

Degree of polymerization = (10° g mol™! )/(104 g mol!) = 9615 

Number of backbone C-C bonds = 2x9615 = 19230 

From Eg. (2.8): (r2)o = o2nl2 (=) 

o =2.3, n=19230, 1=1.54x10-8 cm, @=109.5°, cos@ ~ 1/3. 

Therefore, 
Ch = (2.3)7(19230)(1.54x 1078 cm)?(2) 

= 2.4x107"! cm? 


Volume in a theta solvent (i.e., œ = 1) 


(/6)(2.4107!! cm??? 


4.4x107!® cm? 


2.3 Constitutional and Configurational Isomerism 


If different isomers of a molecule have different configurations, that is, spatial arrangements that 
cannot be interchanged (without at least momentary breaking of bonds), then it is referred to as 
configurational isomerism. Another type of isomerism, which involves constitutional variations of 
a molecule, is referred to as constitutional isomerism. 


2.3.1 Constitutional Isomerism 


Except in monomers like ethylene and tetrafluoroethylene where the substituents on the two car- 
bons are identical, the two carbons of the double bond in a vinyl type monomer are distinguishable. 
One of them can be arbitrarily labeled the head and the other the tail of the monomer, as shown 
below for vinyl chloride (IV). During polymerization, the monomer in principle can be joined 
by head-to-tail or head-to-head/tail-to-tail (V) additions, as shown by Eqs. (P2.7.1) and (P2.7.2), 
respectively. However, head-to-tail enchainment is the predominant constitution of most vinyl 
monomers (see Problem 2.7). 


H H H H H 
tail H C=C head E ae a ee 
Cl l k l CI CI 
Head to tail Head to head 
(IV) (V) Tail to tail 


Problem 2.7 Explain the fact that in all polymerizations the head-to-tail addition is usually the predomi- 
nant mode of propagation. 

Answer: 

Vinyl monomers polymerize by attack of an active center (VI) on the double bond. Equation (P2.7.1) shows 


the propagation step in head-to-tail enchainment and Eq. (P2.7.2) that in head-to-head or tail-to-tail enchain- 
ment : 
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Loua TE 
wwCH,—C* + H,C=C —> wwCH,—C-CH,—C* 
i | | l (P2.7.1) 
Y Y Y Y 
(VD (VID) 
td ie 
| 
wCH—C* + H,C=C —> »wCH,—C—C—CH; 
| | | | (P2.7.2) 
Y Y Y Y 
(VD (VID 


The active center involved in the propagation reaction may be a free-radical, ion, or metal-carbon bond 
(see Chapters 6-10). A propagating species will be more stable if the unpaired electron or ionic charge at the 
end of the chain can be delocalized across either or both substituents X and Y. Such resonance stabilization 
is possible in (VII) but not in (VII). Moreover when X and/or Y is bulky there will be more steric hindrance 
in reaction of Eq. (P2.7.2) than in the reaction of Eq. (P2.7.1). So, in general, head-to-tail addition as in Eq. 
(P2.7.1) is considered to be the predominant mode of propagation in all polymerizations. 


Problem 2.8 A chemical method of determining head-to-head structures in poly(vinyl alcohol) is by means 
of the following difference in diol reactions (Flory, 1950): 


io ae 
ee + HIO, —> Se 4 ag + HIO, + H,O 
OH OH O O 
(1, 2 Diol) 
H H 
l HIO; 
wC—CH,—Cww  —____ > Noreaction 
| | Soln. 
OH OH 
(1, 3 Diol ) 


Poly(vinyl acetate) of number-average molecular weight 250,000 is hydrolyzed by base-catalyzed transes- 
terification with methanol to yield poly(vinyl alcohol). Oxidation of the latter with periodic acid yields a 
poly(vinyl alcohol) with number-average degree of polymerization 485. Calculate the percentages of head- 
to-tail and head-to-head linkages in poly(vinyl acetate). 


Answer: 


Repeat unit of poly(vinyl acetate): —~CH2—-CH(OCOCH3)-++ 
Molar mass of repeat unit = 86 g mol”! 
XY. - (250,000 g mol!) 


n = 2907 
(86 g mol`!) 


Assume that poly(vinyl acetate) is completely hydrolyzed so that X, of the resulting poly (vinyl alcohol) is 
also 2907. The fact that X, is reduced from 2907 to 485 upon treatment with periodic acid means that each 
poly(vinyl alcohol) molecule is, on the average, cleaved to yield 2907/485 or 6 smaller molecules each of 
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Xy = 485 and so the number of cleavages = 6 — 1 = 5. Therefore, the average polymer molecule has 5 
head-to-head linkages out of a total of 2907 — 1 = 2906 linkages in the polymer chain. 


6x 100 
2906 
% head-to-tail = 100 -0.2 = 99.8%. 


% head-to-head = = 0.20 % 


Problem 2.9 Polymers of dienes (hydrocarbons containing two carbon-carbon double bonds), such as bu- 
tadiene and isoprene, have the potential for head-to-tail and head-to-head isomerism and variations in double- 
bond position as well. How many constitutional isomers can form in the polymerization of (a) polybutadiene 
and (b) polyisoprene ? 


Answer: 


The conjugated diene butadiene can polymerize to produce 1,4 and 1,2 products (Rudin, 1982): 


i a r= head-to-head 
Sy 

n à 

H CH — head-to-tail 
H H CH, 

H,C=C—C=CH, — 1,2-polybutadiene 
1 2 3 4 

H H 


Lo 
= -{cH,-C=C-CH,}- 
n 
1 4-polybutadiene 


Thus, there are three possible constitutional isomers and, in addition, there is the possibility of mixed struc- 
tures. Note that there is no 3,4-polybutadiene because it is identical with 1,2-polybutadiene. This is not the 
case with 2-substituted conjugated butadienes like isoprene and chloroprene. Thus, as shown below, there 
are six possible constitutional isomers of isoprene or chloroprene, to say nothing of the potential for mixed 
structures (Rudin, 1982): 


;-=> head-to-head 


R 
| 
CGS — 


H-C=CH, —> head-to-tail 
1,2 polymer 
I 2 if a m= head-to-head 
CHy=C—C=CH, -> —€CH,-C>- = 
oak C-R —> head-to-tail 
CH, 
Isoprene: R=CH, 3,4 polymer 
Chloroprene: R=C1 
R 
| ji mœ head-to-head 
-= £CH,-C=C—CH,}- — | 
1,4 polymer L= head-to-tail 


Elastomeric behavior is shown by 1,4-polymer, particularly if the polymer structure is cis about the residual 
double bond (see Section 2.3.2.1). 
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2.3.2 Configurational Isomerism 


The configuration of a molecule specifies the relative spatial arrangement of bonds in the molecule 
(of given constitution) irrespective of the changes in molecular shape which can arise because of 
rotations about single bonds. A given configuration can thus be changed only by breaking and 
reforming of chemical bonds. There are two types of configurational isomerism in polymers and 
these are analogous to geometrical and optical isomerisms in micromolecular chemistry. 


2.3.2.1 Geometrical Isomerism 


Since rotation cannot take place about a double bond between two carbon atoms, two nonsuperim- 
posable configurations (geometrical isomers) are possible if the two substituents on each carbon 
differ from each other. For example, the two monomers maleic acid (IX) and fumaric acid (X) are 
geometrical isomers, designated cis and trans, respectively. 


H—C——COOH ae ida 
H—-C——COOH HOOC——-C——H 
(IX) (X) 


In solid, the molecules of trans isomers pack more closely and crystallize more readily than 
those of cis isomers. This is reflected in the fact that the melting point of fumaric acid is about 
160°C higher than that of maleic acid. Similarly, the differences in the properties of cis and trans 
isomers of polymers are also significant, as shown below with the example of poly(isoprene). 

Natural rubber is 1,4-polyisoprene and the polymer configuration is cis at each double bond in 
the chain, as shown in (XI). Consequently, the polymer molecule has a bent and less symmetrical 
structure. Natural rubber does not crystallize at room temperature and is amorphous and elas- 
tomeric. Balata (guttapercha) is also 1,4-polyisoprene, but the polymer configuration is trans at 
the double bond (XII). The molecule is more extended and has symmetrical structure. The trans 
isomer is thus a nonelastic, hard, and crystalline polymer. It is used as a thermoplastic. 


V I Ce 

= = 

E 

H CH, 
(XI) " (XII) 


2.3.2.2 Stereoisomerism 


Optical Activity in Polymers Stereoisomerism in polymers is formally similar to the optical iso- 
merism of organic chemistry. In a vinyl polymer with the general structure shown in (XIII) every 
other carbon atom in the chain, labeled C*, is a site of steric isomerism, because it has four dif- 
ferent substituents, namely, X, Y, and two sections of the main chain that differ in length (Rudin, 
1982). 


X 
| | | 

ea ak 
Y Y Y 


XID 
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Problem 2.10 Explain why polypropylene of relatively high molecular weight is optically inactive de- 
spite having an asymmetric center at every other carbon, while, on the other hand, poly(propylene oxide) is 
optically active. 


Answer: Optical activity is influenced only by the first few atoms around an asymmetric carbon (C*). For 
the two sections of the main chain, these will be identical regardless of the length of the whole polymer 
chain. The carbons marked C* in (XIM) are thus not truly asymmetric and are termed pseudoasymmetric or 
pseudochiral carbons. Only those C* centers near the ends of a polymer molecule will be truly asymmetric, 
but since there are too few chain ends in a high molecular-weight polymer such centers do not confer any 
significant optical activity on the molecule as a whole. Polypropylene is thus optically inactive. 


In poly(propylene oxide), —HCH2C*(H)(CH3)O-+, the C* is true asymmetric center, as it is surrounded 
by -H, —CH3, -CH2, and —O-. The polymer is therefore optically active. 


It is easy to see that there are two distinct configurational arrangements of the repeat unit 
of (XIII), viz., (XIV) and (XV), where the wedge and the dotted lines denote bonds which are 
extending above and below the plane of the paper, respectively. These two stereoisomers of the 
repeat unit cannot be interchanged by bond rotation and they exist because the substituted carbon 
atom, labeled C*, is attached to four different groups. Thus, every C* may have one or other of 
the two configurations. One of the configurations is designated as D (or d) and the other as L (or 
1). The configuration is fixed when the polymer molecule is formed and is independent of any 
rotations of the main chain carbons about the single bonds connecting them. 


X Y Y X 
L e 
wa Se, and 7 `m, 
(XIV) (XV) 


Tacticity in Polymers As explained above, the C* atoms in (XIII) are pseudochiral and hence 
do not give rise to optical activity; the two mirror image configurations remain distinguishable, 
however. The different possible configurations or spatial arrangements that occur as a consequence 
are called the tacticity of the polymer (Rudin, 1982; Cowie, 1991). 

The usual way to picture the configurational nature of a vinyl polymer is to consider the poly- 
mer backbone stretched out so that the bonds between the main chain carbons form a planar zigzag 
pattern in the plane of the paper and the X and Y substituents on successive pseudoasymmetric or 
pseudochiral carbons lie either above or below the plane of the backbone, as shown in Fig. 2.11. 

If the substituents, say X, are then all above or all below the plane [Fig. 2.11(a)], the config- 
urations of successive pseudoasymmetric carbons are the same; the polymer is termed isotactic 
and designated as dddd... or Jill..... If, however, a given substituent appears alternately above 
and below the reference plane in the planar zigzag conformation [Fig. 2.11(b)], the polymer is 
termed syndiotactic and designated as did... or /did.... In both cases, configurations of successive 
pseudochiral carbons are regular, and the polymer is said to be stereoregular or tactic. When the 
configurations of pseudoasymmetric carbons are more or less random [Fig. 2.11(c)], the polymer 
is not stereoregular and is said to be atactic. Those polymerizations that yield tactic polymers are 
called stereospecific. It is useful at this point to reiterate that stereoisomerism does not exist if the 
substituents X and Y are the same. 
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Figure 2.11 Diagrams of (a) isotactic, (b) syndiotactic, and (c) atactic configurations of ĖCH2-CXY)r- 
polymer. The corresponding Fisher projections are shown on the right. 


Stereoregularity in vinyl polymers has a profound influence on the crystallizability of the ma- 
terial. Polymer chains with stereoregularity are better able to pack together in a regular manner 
and crystallize. The increase in crystallinity is reflected in higher melting point, greater rigidity, 
and less solubility compared to amorphous species with the same constitution. A striking example 
is provided by polypropylene. Isotactic polypropylene has a crystal melting point of 176°C and is 
widely used as fiber and filament and in automotive, furniture, and appliance applications, while 
the atactic polymer is a rubbery amorphous material that finds no important use. Syndiotactic 
polymers, as we have seen above, are stereoregular and so are crystallizable. They, however, do 
not have the same mechanical properties as isotactic polymers. Thus most of the highly stereoreg- 
ular polymers of commercial importance are isotactic, and relatively few syndiotactic polymers 
are made (Rudin, 1982). 


It is important to note at this point that completely tactic and completely atactic polymers 
represent extremes of stereoisomerism and polymers often possess intermediate degrees of tactic- 
ity. The most powerful tool for measuring the extent of stereoregularity in polymers is nuclear 
magnetic resonance (NMR) spectroscopy (see below). 
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Meso- and Racemic Placements The Fisher projections in Fig. 2.11 show that placement of the 
groups in isotactic structures corresponds to a meso (same) or m-placement of a pair of consecutive 
pseudochiral centers, whereas the syndiotactic structure corresponds to a racemic (opposite) or r- 
placement of the corresponding pair of pseudochiral centers. It is important to note here that the m 
or r notation refers to the configuration of one pseudochiral center relative to its neighbor. Thus, 
the meso dyad is designated m, and the racemic dyad r. The system of nomenclature can be 
extended to sequences of any length. Thus, an isotactic triad is mm, a heterotactic triad is mr, and 
a syndiotactic triad rr. Several such configurational sequences are illustrated in Table 2.1. Each of 
these, and even more complicated combinations, can be designated through NMR studies. 

Let us assume that the probability of generating a meso sequence when a new monomer unit 
is added at the end of a growing chain can be denoted by a single parameter, Pm (and similarly 
P, for a racemic sequence). Implied in it is an assumption that the polymer obeys Bernoullian 
statistics, that is, the probability of forming an m or r sequence is independent of the stereochemical 
configuration of the chain already formed. Since addition can be only m or r type, it is obvious 
that Pn + P. =1. 

A triad sequence involves two monomer additions. Thus the Bernoullian probabilities of mm, 
mr, and rr are Pe 2P m(1 — Pn) and (1 — Pn)’, respectively. A plot of these relations is shown 
in Fig. 2.12. It will be noted that the proportion of mr, that is, heterotactic units, rises to a 
maximum at Pm =0.5, corresponding to random propagation. For a random polymer (Pn =0.5) 
the proportion mm:mr:rr will be 1:2:1. The Pm values of O and 1 correspond to completely 
syndiotactic and isotactic polymers, respectively. 


Problem2.11 Derive the Bernoullian probabilities for triad sequences in terms of the parameter Pm. 


Answer: 


Denoting the rates of meso and racemic dyad placements by Rm and R,, respectively, the probabilities P and 
P, can be defined by 


Pn = Rin] (Rm + Rr), P, = R, /(Rm + Rr), Pm+P, = 1 


Since P,, and P, are synonymous with isotactic and syndiotactic dyad fractions m and r, respectively, proba- 
bilities for isotactic, syndiotactic, and heterotactic triad sequences will be given by 


mm = P2, rr = P = (1-Pa?, mr = 2Py(1 -— Pn) 


The coefficient of 2 for the heterotactic triad arises from the fact that the heterotactic triad can be produced 
in two ways (as mr and rm). 


For any given polymer following simple Bernoullian statistics, the mm, mr, rr sequence fre- 
quencies, as estimated from the relative areas of the appropriate peaks in NMR spectra (see below), 
should lie on a single vertical line in Fig 2.12, corresponding to a single value of Pn (see Prob- 
lem below). If this is not the case, then the polymer’s configurational sequence deviates from the 
Bernoullian statistics. 

Plots such as Fig. 2.12 can be made (Bovey and Tiers, 1960) for tetrad and other higher 
order probabilities (or fractions) as a function of Pm using the relationships given in Table 2.1. 
These are useful for peak assignments in NMR spectra, aided by certain necessary relationships 
(Bovey, 1969) among the frequencies of occurrences of sequences, which must hold regardless of 
the configurational statistics (Bernoullian or not). 


Table 2.1 Configurational Sequences (Bovey, 1969) 


Bernoullian 


Bernoullian 


Designation Projection probability Designation Projection probability 
m To a T D MMMM °> ọ ọ ọ 
(meso) l m Isotact p 4 
Dyad : o (Isotactic) m 
(racemic) l (1 -Om) 
e mammr ae T 2P _3(1-P..) 
mm o ọ o 5 2 o i 7 
(Isotactic) t m io) o o 
rmmyr P_#(1-P_)é@ 
Triad mr ?,? | 2P (1-Pr) ° N 
(heterotactic) l | è m m 
© o 
rr O, © || 1-P_)2 3 
(syndiotactic) | ẹ | È ( m) PETIT Dre 2Pm (1-Pm) 
eee ọ 3 o bd bd 2 2 
MMM P mrnrr 2P se 
m Pentad e m mi 
eo ọ ọ @ o 
mmr 2P (1-Pm) rarm 2P (1 -Pm)? 
e (heterotactic) © o 
e o 2 © o o 
me Pin(1-Pin) rmrr 2Pin(1-Pin)” 
Tetrad ° . ss 
e @ % © 2 2 
mrm > be > mrnrm 3 jE > 
e oè ER ° ee m Ala an 
al D D \2 ? 3 
rrm 2PH rrrm 2P (1 -Pm) 
e e o o e o 
o o 5 rrrr ° ? (1-P_)4 
rrr (een (syndiotactic) e e m 
e e 


tE 
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Normalized triad probability 
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(1r) = ( [-Fis) 
f (mm) = Ph \ 
(mmr) =2P.(1=F-) 
/ Figure 2.12 The probabilities (or fractions) of 
isotactic (mm), heterotactic (mr), and syndiotac- 
tic (rr) triads as a function of Pm, the probability 


of isotactic monomer placement during propaga- 


0 0.2 04 0.6 0.8 1.0 tion. (Bovey and Tiers, 1960.) 


(a) 


(b) 
6.40 8.14 10.00 
x len akey 
H HH HH H H HH HH H 
Neo Noe c” wr S S 
ZN Nal N e” AN ee a ee 
i . c c c 
4 4 4. 4 1. d 
CH, R CH; R CH; R CH; R R CH; CH; 
Tsotactic Syndiotactic 


Figure 2.13 NMR spectra 
of poly(methyl methacrylate) 
(15% solution in chloroform, r 
= tetramethyl silane reference 
peak). (a) Mainly syndiotactic; 
(b) mainly isotactic. The 
methyl ester group appears at 
6.407 in both spectra and is un- 
changed by chain configuration. 
(Bovey, 1969.) 


HH HH H 


co” Net Ne” 
Nel Vat N 
4» ho» he 
CH; R CH; R R CH, 
Heterotactic 


Figure 2.14 Isotactic, syndiotactic, and heterotactic triad configurations for poly(methyl methacrylate). 
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NMR Measurement of Tacticity High resolution NMR spectroscopy makes the quantitative 
measurement of sequence distribution feasible (see Problem below) and allows one to compare 
actual polymer chains with theoretical predictions. 


Problem 2.12 Two typical spectra of poly(methyl methacrylate) samples (Bovey, 1969), known to be pre- 
dominantly isotactic and syndiotactic, are shown in Fig. 2.13. Justify the assignment of various peaks in 
these spectra. 


Answer: 


Since the three protons in an a-methyl group are equivalent, they will absorb radiation at a single frequency, 
but this frequency will be different for each of the three types of triads, because the environment of a-methy] 
groups in each is different (see Fig. 2.14). The a-methyl groups give the set of three peaks at 8.787, 8.957, 
and 9.097. For a sample that is mainly isotactic, the peak at 8.787 is much larger than the other two. So it is 
assigned to the a-methyl groups which are flanked on each side by a monomer unit with similar configuration 
(see Fig. 2.14). Such a group of three units constitutes an isotactic (mm) triad. For a mainly syndiotactic 
sample the peak at 9.097 is the most prominent of the three peaks. It is assigned to a-methyl protons in the 
middle of syndiotactic (rr) triads. The remaining peak at 8.957 is therefore attributed to the a-methyl group 
in the middle of heterotactic (mr) triads. The numbers of isotactic, heterotactic, and syndiotactic triads in any 
particular sample, and hence mm, mr, and rr, are proportional to the areas under the appropriate peaks. 


The method of identifying stereoregular structures by NMR can also be applied to polymers 
that are not predominantly stereoregular, to obtain information about the probability P, that a 
monomer adding on to the end of a growing chain will have the same configuration as the unit it is 
joining. The fraction of each configuration — mm, rr, and mr — is measured from the isotactic, 
syndiotactic, and heterotactic peak areas, respectively, in the NMR spectra. The results are then 
fitted to the probability curves by placing one of them, say, the fraction rr triad on the curve and 
letting the other fractions, viz., mm and mr, fall where they may. If the latter fractions also fall 
satisfactorily close to the calculated curves, then the configurational statistics is Bernoullian and 
can be described by a single value of Pn. 


Problem 2.13 Determination of the individual peak areas in the a-methy] region of the NMR spectra of 
poly(methyl methacrylate) shown in Fig. 2.13 yielded the following values (Bovey and Tiers, 1960): 


Area % 
Polymer No. Polymerization conditions Iso Hetero Syndio 
1 Benzoyl peroxide in bulk, 100°C 8.6 37.5 53.9 
2 n-BuLi in toluene, —62°C 63 19 18 


Determine whether the polymerization in each case can be determined by a single value of P, in agreement 
with Bernoullian statistics. 


Answer: 


We might test for Bernoullian fitting by placing the (mm), (mr), and (rr) triad intensities (that is, the fractional 
areas representing polymer fractions in iso, hetero, and syndio configurations, respectively) on the probability 
curves of Fig. 2.12. This is done in Fig. 2.15 for polymer 1 by placing the syndiotactic (rr) point (0.54) on the 
curve to obtain the corresponding P,, value (0.27) and then letting the other two points fall where they may 
on the vertical line at this P. It is observed that the fractions of mr (heterotactic) and mm (isotactic) units 
fall satisfactorily close to the calculated curves. This may be interpreted as indicating that the free radical 
propagation in the given case is Bernoullian and can be described by a single value of Py (= 0.27). 
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For polymer 2, made by anionic polymerization, the results are fitted similarly to the probability curves 
in Fig. 2.15 by placing the (mm) point on the curve and letting the other points fall where they may. It is 
observed that the (mr) and (rr) points are significantly away from the calculated curves, an indication that 
the polymer is non-Bernoullian. Thus the anionic polymerization mechanism in the given case cannot be 
described by a single value of Pin. 


— 
© 


(rr) = (I-P,,) 
(mm) = Py, 


> 
oo 


0.6 (mr) = 2P,,(1-F, ) 


Figure 2.15 Test of Bernoullian model 


Normalized triad probability 


with data for polymer 1 and polymer 2 of 


0 0.2 04 06 0.8 1.0 Problem 2.13. 
P 


m 


2.4 Crystallinity in Polymers 


Polymers crystallized from melt are seldom fully crystalline. This is due to the presence of ex- 
tensive chain entanglements in the melt that make it impossible for the polymer chains to be fully 
aligned to form a 100% crystalline polymer during solidification. The degree of crystallinity is 
of considerable importance as it influences the properties, and hence applications, of polymers. 
Several methods have been devised to measure the degree of crystallinity, two widely used among 
them being the density method and the wide-angle x-ray scattering (WAXS) method (Young and 
Lovell, 1990). The crystalline regions in the polymer have a higher density than the non-crystalline 
amorphous regions and this difference in densities, which is relatively large (up to 20%), provides 
the basis of the density method for the determination of the degree of crystallinity (see Problem 
2.15). 


Problem 2.14 Derive an equation relating the degree of crystallinity of a semicrystalline polymer to the 
sample density and densities of the crystalline and amorphous components. 
Answer: 
Let ve = total volume of the crystalline components; vg = total volume of the amorphous components; 
v = total volume of the specimen; mc, mg, and m are the corresponding masses and pe, Pq, and p are the 
corresponding densities. Then 
V0 = Uc + Uq (P2.14.1) 
m = Me + Mg (P2.14.2) 
or, PV = PcVc + PaVa (P2.14.3) 
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Substituting vg in Eq. (P2.14.3) from Eq. (P2.14.1) and rearranging leads to 
Saves (=) (P2.14.4) 
U Pc — Pa 
where €e is the volume fraction of crystalline components. The mass fraction ue of the crystalline components 


is similarly defined as 


He = melm = pcve/pv (P2.14.5) 


Combination of Eqs. (P2.14.4) and (P2.14.5) then gives 
fie (=) (P2.14.6) 
P \Pc — Pa 


In terms of specific volumes (reciprocal density), Ve and V4, of the crystalline and amorphous components, 
respectively, Eq. (P2.14.6) becomes (Young and Lovell, 1990) : 


(P2.14.7) 


Problem 2.15 Estimate the fraction of crystalline material in a sample of polyethylene of density 0.983 
3 
g/cm”. 


Data: 

Density of amorphous polyethylene = 0.866 g/cm? 

Unit cell (Fig. 2.7) dimensions of polyethylene crystal containing 4 CH3 groups are : 
a = 7.41Å, b = 4.94A, c (fiber axis) = 2.55A, a =B = y = 90° 


Answer: 


Volume of unit cell = 7.41x4.94x2.55x10724 cm? 
93.34x107-24 cm? 


4x(14 g mol!) 


B= 29 3x 1073 
(6.02 x 103 mol!) 8 


Cell contains 4 CH» groups or 
(9.310723 g) 


m, -3 
Cun cem ee 


Density of crystalline material = 


Using Eq. (P2.14.6), 


0.996 -3) ] | (0.983 — 0.866 3 
% Crystallinity 00 220 2 om Ni 9 ) gcm 


(0.983 g cm~?) || (0.996 — 0.866) g cm~? 
91%. 


WAXS is a powerful method of determining the degree of crystallinity. Since the scattering 
from the crystalline regions gives relatively sharp peaks compared to a broad ‘hump’ produced by 
scattering from noncrystalline areas (see Fig. 2.16), the degree of crystallinity can, in principle, be 
determined from the relative areas under the crystalline peaks and the amorphous hump. To a first 
approximation, the mass fraction of crystalline regions, uc, is given by 


He = Ac/(Ac + Aa) (2.10) 


where A4 is the area under the amorphous hump and A, is the remaining area under the crystalline 
peaks. 
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Figure 2.16 A typical WAXS curve for 


is ZEA; jj 7 semicrystalline polyethylene where the intensity 


28 26 24 2 20 16 of scattering is plotted against diffraction angle 
20 20. The amorphous hump is shown shaded. 
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2.4.1 Structure of Bulk Polymers 


Most polymers are partially crystalline. The degree of crystallinity of polymers may, however, 
range very widely from 0 percent for noncrystallizable polymers, through intermediate crystallini- 
ties, up to nearly 100 percent for polytetrafluoroethylene and linear polyethylene. A direct evi- 
dence of the crystallinity in polymers is obtained from x-ray diffraction studies. The x-ray patterns 
of many crystalline polymers show both sharp features characteristic of ordered regions (called 
crystallites) and diffuse features characteristic of a molecularly disordered phase like liquids. X- 
ray scattering and electron microscopy have shown that the crystallites are made up of lamellae 
which, in turn, are built-up of folded polymer chains as explained below. 

Lamellae are thin, flat platelets on the order of 100 to 200 A (0.01-0.02 micron) thick and 
several microns in lateral dimensions, while polymer molecules are generally on the order of 1000 
to 10,000 A long. Since the polymer chain axis is perpendicular to the plane of the lamellae, as 
revealed by electron diffraction, the polymer molecules must therefore be folded back and forth 
within the crystal. This arrangement has been shown to be sterically possible. In polyethylene, 
for example, the molecules can fold in such a way that only about five chain carbon atoms are 
required for the fold, that is, for the chain to reverse its direction. Each molecule folds up and 
down in a regular fashion to establish a fold plane. As illustrated in Fig. 2.17(a), a single fold 
plane may contain many polymer chains. The height of the fold plane is known as the fold period. 
It corresponds to the thickness of the lamellae. 

Figure 2.17(b) shows an idealized model of lamellae structure with ideal stacking of lamel- 
lar crystals. A more useful model, however, is that of stacks of lamellae interspersed with and 
connected by amorphous regions that consist of disordered chain segments of polymer molecules. 
Such a model, referred to as interlamellar amorphous model [Fig. 2.17(c)], helps explain the duc- 
tility and strength of polymers as a direct consequence of the molecular links between the lamellae 
forming interlamellar ties. For semicrystalline polymers with amorphous regions to the tune of 
20-50%, it is often more advantageous to adopt a fringed micelle or fringed crystalline model 
[Fig. 2.17(d)]. It pictures polymers as two-phase systems in which the amorphous regions are 
interspersed between the randomly distributed crystallites. 


2.4.1.1  Spherulites 


The most prominent structural entity in a material crystallized from a polymer melt is the spherulite. 
Electron microscopic evidence clearly shows that spherulites are aggregates of lamellar crystallites 
and the lamellar structure persists throughout the body of spherulites. Spherulites are spherical 
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aggregates, their sizes ranging from microscopic to a few millimeters in diameter. They are recog- 
nized by their characteristic appearance in the polarizing microscope (Price, 1958), where they are 
seen as circularly birefringent areas possessing characteristic Maltese cross optical patterns (Fig. 
2.18). 
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Figure 2.18 Spherulites in a silicone- 
like polymer, observed in the optical mi- 
croscope between crossed polarizer. The 
large and small spherulites were grown 
by crystallization at different temperatures. 
(Adapted from Price, 1958.) 
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The Avrami equation [Eq. (2.11)], which was derived in the general context of phase changes 
in metallurgy, has provided the starting point for many studies of polymer crystallization and 
spherulitic growth. The equation relates the fraction of a sample still molten, 0, to the time, t, 
which has elapsed since crystallization began, the temperature being held constant: 


0 = exp(-Zt") (2.11) 


For a given system under specified conditions, Z and n are constants and, in theory, they provide 
information about the nature of the crystallization process. Taking logarithm twice in succession 
gives 

In(—In@) = InZ + nlnt (2.12) 


A plot of In(—In@) against Int should thus be a straight line of slope n, making an intercept of 
InZ with the vertical axis. In practice, this method of evaluating n and Z is very prone to error. So 


curve fitting methods using Eq. (2.12) and the raw data are usually preferred. 

The Avrami exponent, n, has a theoretical value of 3 when crystallization takes the form of 
spherulitic growth of nuclei that came into being at the same instant in time. Integral values of n 
ranging from 1 to 4 can be attributed to other forms of nucleation and growth (Hay, 1971). The 
spherulites formed from a melt have different sizes and degrees of perfection, and they completely 
fill the volume of a well-crystallized material. 


Problem 2.16 Using the Avrami equation calculate approximately the extent of crystallization of polyethy- 
lene during cooling from the melt, if the melt is cooled in 1 s by quenching. Use n = 3 and Z = 5 (for time in 
seconds) as the average rate constant over the range of temperature in question. 


Answer: 
From Eq. (2.11), 
fractional completion of crystallization = 1 — 0 
1 — exp(—Zt”) 
1 — exp(—5) = 0.99 


This means that crystallization occurs to 99% of its equilibrium extent (which is about 90% in high- 
density polyethylene). 


2.5 Thermal Transitions in Polymers 


The term “transition” refers to a change of state induced by changing the temperatures or pressure. 
Two major thermal transitions are the glass transition and the melting, the respective temperatures 
being called T, and Tm. 


2.5.1 T, and Tm 


The different types of thermal response in the transition of a thermoplastic polymer from the rigid 
solid to an eventually liquid state can be illustrated in several ways. One of the simplest and most 
satisfactory is to trace the change in specific volume, as shown schematically in Fig. 2.19. 

The volume change in amorphous polymers follows the curve ABC. In the region C-B, the 
polymer is a glassy solid and has the characteristics of a glass, including hardness, stiffness, and 
brittleness. But as the sample is heated, it passes through a temperature T,, called the glass transi- 
tion temperature, above which it softens and becomes rubberlike. This is an important temperature 
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and marks the beginning of movements of large segments of the polymer chain due to available 
thermal energy (RT energy units/mol). This is reflected in marked changes in properties, such as 
specific volume, refractive index, stiffness, and hardness. Above T,, the material may be more 
easily deformed. A continuing increase in temperature along B—A leads to a change of the rubbery 
polymers to a viscous liquid without any sharp transition. 

In a perfectly crystalline polymer, all the chains would be contained in regions of three dimen- 
sional order, called crystallites, and no glass transition would be observed. Such a polymer would 
follow the curve G-F—A, melting at Th to become a viscous liquid. 

Perfectly crystalline polymers are, however, rarely seen in practice and real polymers may in- 
stead contain varying proportions of ordered and disordered regions in the sample. These semicrys- 
talline polymers usually exhibit both T, and T,, (not 7;;) corresponding to the disordered and or- 
dered regions, respectively, and follow curves similar to E-H—D-A. T, is lower than T} and more 
often represents a melting range, because the semicrystalline polymer contains crystallites of var- 
ious sizes with many defects which act to depress the melting temperature. 

Both T, and T, are important parameters that serve to characterize a given polymer. While 
T sets an upper temperature limit for the use of amorphous thermoplastics like poly(methy] 
methacrylate) or polystyrene and a lower temperature limit for rubbery behavior of an elastomer- 
like SBR rubber or 1,4-cis-polybutadiene, T;, or the onset of the melting range determines the 
upper service temperature for semicrystalline thermoplastics. Between Tp and T,, these polymers 
tend to behave as a tough and leathery material. They are generally used at temperatures between 
T and a practical softening temperature that lies above T, and below Tm. 

The onset of softening is usually measured as the temperature at which a given polymer de- 
forms a given amount under a specified load. These values are known as heat deflection temper- 
atures. Such data do not have any direct relation with Tm, but they are widely used in designing 
with plastics. 


Problem 2.17 The polyesters, polycaprolactone and poly(ethylene terephthalate), have Tę values of -60°C 
and +60°C and 7,, values of 60°C and 250°C, respectively. Which of the two polymers would be more 
suitable for a study of the effect of the degree crystallinity on biodegradability at 30°C ? 
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Answer: 

A polymer can crystallize whenever it is at a temperature above its Ty. Since at 30°C, polycaprolactone is 
above T,, it may crystallize. On the other hand, poly(ethylene terephthalate) can be quenched to 30°C at 
various rates to produce various degrees of crystallinity which will not change since the temperature is below 
its Tọ. So this polymer will be more suitable for the biodegradability study. 


2.5.2 First- and Second-Order Transitions 


In first order transitions, such as melting, there is a discontinuity in the volume-temperature plot 
(see Fig. 2.19) or enthalpy—temperature plot at the transition temperature. In second-order tran- 
sitions, only a change in slope occurs and there is thus a marked change in the first derivative or 
temperature coefficients, as illustrated in Fig. 2.20. The glass transition is not a first-order transi- 
tion, as no discontinuities are observed at T, when the specific volume or entropy of the polymer 
is measured as a function of temperature. However, the first derivative of the property-temperature 
curve, i.e., the temperature coefficient of the property (e.g., heat capacity and volumetric coeffi- 
cient of expansion), exhibits a marked change in the vicinity of Tp; for this reason it is sometimes 
called a second-order transition. 


(c) £ (d) T 


Figure 2.20 Schematic representations of volume (V) and enthalpy (#) variations with temperature. Also 
shown are variations with temperature of the volume coefficient of expansion (œ) and the heat capacity (Cp), 
which are, respectively, the first derivatives of V and H with respect to temperature (T). 
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Figure 2.21 Five regions of viscoelastic behavior for a linear, amorphous polymer: I (a to b), II (b to c), 
III (c to d), IV (d to e), and V (e to f). Dotted line (---) shows the effect of crystallinity and dashed line 
(——-—-—) that of crosslinking. (After Sperling, 1986.) 


2.6 Regions of Viscoelastic Behavior 


Broadly, there are five regions of viscoelastic behavior for linear amorphous polymers (Aklonis, 
1981; Sperling, 1986) as shown in Fig. 2.21. In region I (a to b), described as the glassy region, 
the polymer is usually brittle. Common examples are polystyrene and poly(methy! methacrylate) 
at room temperature. Young’s modulus for many polymers in this region just below the glass 
transition temperature is typically of the order of 3x10!° dyne/em? (3x10? Pa). 

Region II (b to c) in Fig. 2.21 is the glass transition region where the modulus drops typically 
by a factor of about one thousand over 20-30°C. In this region, polymers exhibit tough leather-like 
behavior. The glass transition temperature, 7,, is often taken at the maximum rate of decline of the 
modulus, i.e., where d*E/dT? is at a maximum. 

Region III (c to d) in Fig. 2.21 is described as the rubbery plateau region. The modulus after 
a sharp drop, as described above, again becomes nearly constant in this region with typical values 
of 2x107 dyne/cm? (2x10° Pa) and polymers exhibit significant rubber-like elasticity. 

In region II (c to d) of Fig. 2.21, three cases can be distinguished: (1) If the polymer is 
linear, the solid line is followed with the modulus decreasing slowly with increasing temperature 
and the length of the plateau depends significantly on the molecular weight of the polymer, i.e., 
the higher the molecular weight, the longer the plateau. (2) If the polymer is semicrystalline, 
the dotted line in Fig. 2.21 is followed and the height of the plateau (i.e., the modulus) depends 
on the degree of crystallinity. (3) If the polymer is crosslinked, the dashed line in Fig. 2.21 is 
followed, improved rubber elasticity is observed with the creep portion suppressed (a common 
example being the ordinary rubber band at room temperature), and the region II remains in effect 
at higher temperatures up to the decomposition temperature. For cross-linked polymers, therefore, 
regions IV and V (described below) do not occur. 

Region IV is the rubbery flow region, which is exhibited by un-crosslinked linear polymers 
when heated past the rubbery plateau region. In this region, the polymer exhibits both rubber 
elasticity and flow properties depending on the time scale of the experiment. When subjected to 
stress for a short time, the entanglements of polymer chains are not able to relax and the material 
still shows rubbery behavior, but over a longer duration under stress at the increased temperature, 
the chains can move, resulting in a visible flow. 
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Region V (e to f) in Fig. 2.21 is the liquid flow region, which is reached at still higher tem- 
peratures where the increased kinetic energy of the chains permits them to wriggle out through 
entanglements rapidly and move as individual molecules, often producing highly viscous flow. 
This is the melting temperature and it is always above the glass transition temperature. 


Problem 2.18 A new polymer is reported to soften at 60°C. Describe a very simple experiment to deter- 
mine whether this softening is a glass transition or a melting point. 


Answer: 


If 60°C is a glass transition, then heating the polymer slowly past 60°C would take it to the rubbery plateau 
region (region III in Fig. 2.21), where the modulus E, and hence hardness, would remain fairly constant with 
increase of temperature. For a melting transition, however, the modulus would drop rapidly and the polymer 
would become increasingly softer in a similar experiment (Sperling, 1986). The penetration of a weighted 
needle into the polymer as the temperature is raised can be used as a very simple test. 


Problem 2.19 Show schematically the results that would be expected from the following experiments with 
the new polymer of Problem 2.18 if the reported softening temperature (60°C) is indeed a melting transition 
(Sperling, 1986) : 


(a) Specific volume (v) as a function of temperature (T); (b) differential scanning calorimetry; (c) Young’s 
modulus (E) as a function of temperature (T), and (d) x-ray diffraction. 


The experiments are carried out in the temperature range 50°C-70°C. 


Answer: 


(a) The specific volume would show a first order (b) DSC would show an endothermic peak. 


transition. However, for reasons explained ear- 
lier, the melting transition for polymers usually 
occurs over a range of temperature. 
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(c) A plot of logE versus T would show a sharp 

downturn at about 60°C. (d) If the polymer has a high degree of crys- 
tallinity, x-ray diffraction at 50°C would 
show sharp lines but only diffuse rings or 
halo at 70°C. 
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Problem 2.20 What type of results would be obtained if the reported softening temperature (60°C) for the 
polymer in Problem 2.18 were a glass transition (Sperling, 1986) ? 

Answer: 

(b) Heat capacity of the material changes at the glass 
transition. T, is taken as the temperature at which one- 
half of the change in heat capacity AC, has occurred. 


(a) The specific volume would show a 
second order transition. 
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(c) In quasistatic measurements, maximum (d) A glass is a material that has lost most of its 
rate of decrease of the modulus occurs at Ty. ductility but has not changed otherwise on cool- 


ing; on the basis of x-ray diffraction it will be 
indistinguishable from the corresponding rubber 
on the other side of Ty. 
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2.7 Factors Affecting T, 


As T, marks the onset of molecular motion, a number of factors that affect rotation about links 
(necessary for movement of polymer chains) will also influence the T, of a polymer. These include 
(a) chain flexibility, (b) molecular structure (steric effects), (c) molecular weight, and (d) branching 
and crosslinking. 

The flexibility of the chain may be considered to be the most important factor that influences 
the T, of a polymer. If the chain is highly flexible, T, will generally be low and if the chain is rigid, 
the T, value will be high. The chain flexibility depends on the rotation or torsion of skeletal bonds. 
Chains made up of bond sequences which are able to rotate easily are flexible, and hence polymers 
containing --CH»—CH2--, --CH2—O-CH>-}-, or -CSi-O-Si-- links will have correspondingly 
low values of T,. For example, poly(dimethyl siloxane), which has Si-O bonds in the backbone 
chain, has one of the lowest T, values known (—123°C). 

The value of T, increases markedly with the insertion of groups that stiffen the chain by im- 
peding rotation, since more thermal energy is then required to set the chain in motion. Particularly 
effective in this respect is the p-phenylene ring, 


O = -CH, 
Some examples of such polymers are poly(xylylene), ——CH2-C6H4-CH2>r, Tę ~ 280°C and 


poly(phenylene oxide), —CCeH4y-OJ7, T = 83°C, as compared to polyethylene —CH2CH23x, 
T; = —93°C and poly(ethylene oxide) +CH2CH2—O};, T, = —67°C, respectively. 
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Problem 2.21 Presence of flexible pendant groups reduces the glass transition of the polymer, whereas 
bulky or stiff side groups increase it. Why? 


Answer: 

In general, factors that increase the energy required for the onset of molecular motion increase T, and those 
that decrease the energy requirement lower Ty. Flexible pendant groups act as “inherent diluents” and lower 
the frictional interaction between chains, reducing the T, thereby. Bulky or stiff side groups, on the other 
hand, increase interchain friction and energy requirement for molecular motion, thereby increasing Ty. 


Problem 2.22 Account for the differences in glass transition temperatures for the following pairs of iso- 
meric polymers (Young and Lovell, 1990) : 

(a) Poly(but-1-ene) (— 24°C) and poly(but-2-ene) (— 73°C). 

(b) Poly(ethylene oxide) (— 67°C) and poly(vinyl alcohol) (85°C). 

(c) Poly(methy] acrylate) (6°C) and poly(vinyl acetate) (28°C) 


(d) Poly(ethyl acrylate) (— 24°C) and poly(methy! methacrylate) (105°C) 


Answer: 
a) —C-cH,-CH}- 
Gh 
CH; 
T,= -24°C 


The long and bulky side group makes 


rotation difficult. 


(b) 


(-CH)-CH,—O ie 


= - 67°C 
The backbone chain is flexible; 


so rotation is easy. 


© -maa 


c 

0% och, 
— z0 

T,= 6°C 


The bulky group hinders rotation 
causing T, to increase. 


C) —{cm-cH y 


C 
of OCB; 


= 949 
T; == 24°C 


The side group is long but 
flexible, so rotation is 
easier. 


Ee 


CH, CH, 


= C 
Me 


The side groups are shorter, this 
makes rotation easier. 


CH,—CH 
ay 2 j Ja 
OH 
= 14} 
T,= 85°C 
The steric effect of the -OH group 
restricts rotation. Superimposed on 


this is the effect of polarity which 


increases the lateral forces in the bulk 
state and leads to higher Tye 


CH,—CH 
ongi; 
° 
Cc 
of cH, 
— 506 
T,= 28 C 
The bulky part of the side group is 


farther from the chain, making rota- 
tion more difficult. 


ÇH; 
'H}- 
—€ cH, Ti 
4 
o” OCH, 


T,= 105°C 


The presence of two side groups 
makes rotation more difficult, 


leading to a higher T, 
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Table 2.2 Tm, Tz, and T,/T for Some Selected Polymers 


Polymer Ti € Ty, °C Telim KIK 
Silicone rubber -58 — 123 0.70 
Polyethylene 135 — 68 0.50 
Polypropylene 176 -8 0.59 
Polystyrene 240 100 0.73 
Poly(methyl methacrylate) 200 105 0.69 
Poly(vinyl chloride) 180 82 0.78 
Poly(vinylidene fluoride) 210 -39 0.48 
Polyisoprene 28 -70 0.67 
Nylon-6,6 265 50 0.60 


Source: Williams, 1971. 


2.8 Factors Affecting Tm 


Useful generalizations of factors affecting Tm can be derived from the application of macroscopic 
thermodynamics. At Tn, the free energy change is zero, i.e., AGm = AHm — TmASm = 0, whence 
Tn = AHm/ASm. Thus a high melting point can be the result of a high value of the enthalpy 
change AH, and/or a small value of the entropy change AS,,, in melting. The former corresponds 
to stronger binding of adjacent but unbonded units in the polymer lattice and thus to higher degree 
of crystallinity. The factors that affect crystallinity and hence T,, can be classified as symmetry, 
intermolecular bonding, tacticity, branching, and molecular weight. 

Chain flexibility has a direct bearing on the melting point. Insertion of groups that stiffen 
the chain increases Tm, while introducing flexible groups into the chain lowers the value of Tm 
(cf. Factors Affecting 7,). Also, if the chain is substantially branched, reducing the packing 
efficiency, the crystalline content is lowered and hence the melting point. A good example is 
low-density polyethylene where extensive branching lowers the density and T, of the polymer. 


2.9 Relation Between T, and T, 


While Tn is a first order transition, T, is a second order transition and this precludes the possibility 
of a simple relation between them. There is, however, a crude relation between Tp, and T,. Boyer 
(1954) and Beamen (1952) inspected data for a large number of semicrystalline polymers, some 
of which are shown in Table 2.2. They found that the ratio 7,/T;, ranged from 0.5 to 0.75 when the 
temperatures are expressed in degrees Kelvin. The ratio is closer to 0.5 for symmetrical polymers 
such as polyethylene and polybutadiene, but closer to 0.75 for unsymmterical polymers, such 
as polystyrene and polyisoprene. The difference in these values may be related to the fact that 
in unsymmterical chains with repeat units of the type --CH2—CHX-}- an additional restriction to 
rotation is imposed by steric effects causing T, to increase, and conversely, an increase in symmtery 
lowers Ty. 


Problem 2.23 A new atactic polymer of the type ——CH2-CHX-Jr- has a Tm of 80°C. What is its Ty likely 
to be? 


Answer: 
The polymer being unsymmetrical, T,/T;, may be assumed to be about 0.75. 


TelTm = 0.75, Tm = 80°C = 353°K 


Tg = 265°K = - 8°C 
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2.10 Theoretical Treatment of Glass Transition 


According to the hole theory of liquids (Eyring, 1936), molecular motion in liquids depends on 
the presence of holes or voids, i.e., places where there are vacancies, as illustrated in Fig. 2.22. 
For real materials, however, Fig. 2.22 has to be visualized in three dimensions. A similar model 
can also be constructed for the motion of polymer chains, the main difference being that more than 
one “hole” will now be required to be in the same locality for the movement of polymer chain 
segments. On this basis, the observed specific volume of a sample, v, can be described as a sum of 
the volume actually occupied by the polymer molecules, vo, and the free volume (empty spaces), 
vf, in the system [see Fig. 2.23(a)], i.e., 


V = U0 + UF (2.13) 


The glass transition that takes place at a higher temperature can be visualized as the onset 
of coordinated segmental motion made possible by an increase of the free space in the polymer 
matrix to a size sufficient to allow this type of motion to occur. Conversely, if the temperature is 
decreased, the free volume will contract and eventually reach a critical value when the available 
space becomes insufficient for any large scale segmental motion. The temperature at which this 
critical value is reached is the glass transition temperature (T). As the temperature decreases 
further below T,, the free volume, i.e., vf in Eq. (2.13), will remain essentially constant at oF 
[see Fig. 2.23(a)], since the chains have now been immobilized (‘frozen’) in position. However, 
the occupied volume v, will change with temperature due to change in vibrational amplitudes. 
To the first approximation, this change will be a linear function of temperature. The temperature 
coefficient of the specific volume v will therefore change markedly at Ty. 

According to the iso-free-volume state theory of Fox and Flory (1950, 1954), same free volume 
exists at the respective glass temperature (7,) independent of molecular weight and this same free 
volume is retained at all temperatures below 7,. This can be explained by considering that at 
temperatures below T, the segmental rotations become frozen and the holes that are present at 
the glass temperature become immobilized. Because the holes are no longer able to diffuse out 
of the structure, the free volume, which is the sum of the holes, remains nearly unchanged at 
all temperatures below T,, though the internuclear separation can still adjust itself below T, as 
the thermal vibrations of the atoms become reduced. At temperatures above the glass transition, 
both the internuclear separation between segments of neighboring chains and the number and size 
of holes adjust themselves continuously with changing temperature (provided sufficient time is 
allowed for segmental diffusion). The coefficient of expansion above T, is therefore higher than 
that below T, [see Fig. 2.23(b)]. 
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Figure 2.22 A quasicrystalline lattice of molecules (circles) exhibiting vacancies or holes. The arrow 
indicates molecular motion. 
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Figure 2.23 (a) Schematic representation of the variation of specific volume with temperature. The free 
volume (shaded area) is assumed to be constant at vr below Tą and to increase as the temperature is raised 
above T,. (b) Schematic illustration of free volume (Simha and Boyer, 1962). 


Simha and Boyer (1962) postulated that the free volume at T = T, should be defined as 
vf = V — Vor + aGT) (2.14) 


where v is the specific volume (i.e., volume per unit mass), vf is the specific free volume, and V0,r 
is the extrapolated specific volume. The use of œg in Eq. (2.14) follows from the conclusion that 
expansion in the glassy state occurs at nearly constant free volume; œgT is thus proportional to 
the occupied volume. Figure 2.23 illustrates these quantities. It is seen that vo, and vo,g are the 
hypothetical specific volumes extrapolated from melt or rubbery state to 0°K using a and ag as 
the coefficients of expansion. Thus at T = T,, 


v = vor(1 + arT) (2.15) 
and 


v = voG(l + acT) (2.16) 
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Substitution of v from Eq. (2.15) into Eq. (2.14) at T = T, leads to the following expression for 
free-volume fraction (Simha and Boyer, 1962): 


(ar — @G)Tg = Vz/V0,R = Vf (2.17) 


[since vf < vo,r and agT < | in Eq. (2.14)] 


Simha and Boyer (1962) postulated that the free-volume fraction defined by Eq. (2.17) is the 
same for all polymers, that is, 


(ar — @G)T, = constant = Kı (2.18) 


From the values of («r — ag)T, based on data of ar and œg determined for various polymers, 
Simha and Boyer (1962) concluded that K; in Eq. (2.18) is 0.113, i.e., 


(ar — aG)Tz = 0.113 (2.19) 


This implies that the free volume fraction at the glass transition temperature is the same for all 
polymers and constitutes 11.3% of the total volume in the glassy state. (It is interesting to note that 
many simple organic compounds show a 10% volume increase on melting.) This is the largest of 
the theoretical values of free volume derived, while other early estimates yielded a value of about 
2%. 

A less exact but simpler relationship is 


QrT, = constant = K? (2.20) 
It thus follows that the fractional free volume defined as [cf. Eq. (2.15)]: 


(V — VvoR)/V = aRT/(1 + aRT) = aRT + Ol(arT )*] (2.21) 


is constant at T = Ty. 
Equation (2.21) neglects the contribution of wgT to the total expansion. From the values of œr 
determined for various polymers (Simha and Boyer, 1962) Eq. (2.20) is given as 


pT, = Ky = 0.164 (2.22) 


The quantities Kı and K provide a criterion for the glass transition temperature. They are es- 
pecially useful for approximate estimation of T, for new polymers or semicrystalline polymers, 
where T, may be obscured. 


Problem 2.24 For the polymers for which af = 4.8x1074 °K7!, estimate a value of Tg, assuming that 
these polymers also obey the S-B relationship given by Eq. (2.19). 


Answer: 

Since the free volume is assumed constant below Tg, the volume change with temperature in the glassy region 
is only due to the occupied volume, while the volume change in the rubbery region above 7, has contributions 
from both the occupied volume and the free volume. Therefore, one can write, approximately, 


ar — ag = ap = 4.8x10~4 °K! 
Substituting this in Eq. (2.19), 
Tg = 0.113/(4.8x10™ °K!) = 235°K = - 38°C. 


This value is in the range of the T,’s observed for many polymers. 
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Problem 2.25 A new linear amorphous polymer is found to have glass transition at 90°C and its cubic 
coefficient of thermal expansion is 5.6x1074 °K7! at 120°C. Can this polymer be used for an application that 
requires the cubic coefficient of thermal expansion to be less than 5x10~4 °K~! at 60°C (Sperling, 1989)? 
[Assume (ær — æg) to be roughly constant at 3.2x10-4 °K7! (Sharma et al., 1972).] 


Answer: 
Above Tg, the expansion coefficient is az. Hence ar = 5.6x1074 °K7!. 


Tg = 90°C = 363°K 
apT, = (5.6x10~4 °K~!)(363°K) = 0.203 
From Eq. (2.19): 
aGTz = 0.203 — 0.113 = 0.09 
ag = 0.09/(363°K) = 2.5x10~+ °K7! 
Also from the approximate relationship æg — «g = 3.2x10~4 °K7!. Therefore, 
ag = (5.6 -— 3.2)x 1074 = 2.4x10-4 °K"! 


Hence the polymer is likely to satisfy the thermal expansivity requirement. 


As can be seen from Fig. 2.23(a), above T, there is an important contribution to vr from the 
expansion of the polymer in the rubbery or molten state. The free volume above 7, can thus be 
expressed by 


vp = vt + (T —T,)(90/0T) (2.23) 


Dividing through by v gives 
fr = fg + T-Tg)az (2.24) 


where the symbol fr is now used to represent the free volume fraction v¢/v at T and fy, that at T,; 
af is the thermal expansion coefficient of free volume. (In a region above T, but sufficiently close 
to it, af will be given by the difference between the thermal expansion coefficients of the rubbery 
and the glassy polymer.) 

Williams, Landel, and Ferry (1955) proposed that the logarithm of viscosity varies linearly 


with 1/f above T,, so that 
1 1 
in( =) = a{— Z >) (2.25) 
Ng fr fe 


where 77 and 7, are viscosities at T and T,, respectively, and B is a constant. Substituting Eq. 
(2.23) in Eq. (2.25) gives 


NT 1 1 | 
Inj — | = B| ——— - — 2.26 
a(2) Iz raot- h oo 


mo See) (2.27) 
Selfe + as(T = T,)] 


Dividing both numerator and denominator by af, Eq. (2.27) is rewritten as 


in _ BIRT - Ty) 


- 2.28 
Me Gla) + O- Te) yen 
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This is one form of the WLF equation. Since the amount of flow is proportional to the flow time t 
and density p and inversely proportional to viscosity, one may write (Cowie, 1991): 


pr tr = Pg-tg 
NT Ng 


(=) 2 (=) é (=) (2.29) 
Ng Pele Ig 


neglecting small differences in density. Substituting Eq. (2.29) in Eq. (2.28) one then obtains 


and hence 


t —(B/2.303 f(T — T, 
lozio( =} ep aE I) (2.30) 
ty (folas) + (T - T) 
This can be compared with another form of the WLF equation written as 
-Ci(T - Ty) 
l = > 2.31 
PROTEGE TN ey) 


where ar is called the reduced variables shift factor (defined below), and C, and Cz are constants 
that can be obtained from experimental data. For many linear polymers, irrespective of chemical 
structure, Cı = 17.44 and C2 = 51.6 when T, is the reference temperature. The WLF equation is 
then written as 

-17.44(T — T) 


E (2.32) 
51.6 + (T = Ty) 


logioar = 


Problem 2.26 A new linear amorphous polymer has a Tọ of +10°C. At 27°C it has a melt viscosity of 
4x108 poises. Estimate its viscosity at 50°C. 


Answer: 


Eqs. (2.26)-(2.32): 
T = 27°C, n = 4x108 poise, Ty = 10°C, T-T; = 17°C 


log = —4.32 


51.6 + 17 


4x 108 -17.44x 17 
S| ity 
Solving, 7g = 8.3 x 101? poise 

AtT = 50°C, T —- T, = 40°C. Therefore, 


n | - -17.44x40 


——_— = -7.61 
8.3 x 10!2 51.6 + 40 


log 


Solving, 7 = 2.0x10° poise 


A more general form of the WLF equation reads 


-8.86(T — T,) 
| Ser Ar a 2.33 
Boar OLE + @ - T) ee) 
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where T; is the arbitrary reference temperature usually located about 50°C above T,. The constants 
Cı and C2 now have different values, and the shift factor ar is expressed as a ratio of relaxation 
times, T, at T and 7,, that is, 


ar = (TDT) = nr's (2.34) 


It is evident from the derivation given above that while the WLF equation is based on the 
free-volume theory of glass transition, it also serves to introduce some kinetic aspects into the 
quantitative theory of glass transition. 


Problem 2.27 Assuming for the constant B in Eq. (2.25) a value of unity, calculate the free volume fraction 
at Tg and the expansion coefficient of free volume, af. 


Answer: 
Comparing Eqs. (2.30) and (2.32), 


B/2.303 fg = 17.44 (P2.27.1) 
Selaf = 51.6 (P2.27.2) 
Considering B = 1, the two equations are solved for the two unknowns fg and af, giving fg = 0.025 (ie., 


free volume = 2.5%) and ay = 4.8x10-4 °K7!, 


Problem 2.28 The experimental value of T, depends on the time or frequency frame of the experiment. 
Calculate from the WLF equation the change that would be expected in the T, value if the time frame of an 
experiment is decreased by a factor of 100. 


Answer: 
From Eq. (2.32): 


| 
Lim ( oe | = -17.44/51.6 = -0.338 
TOT, T - Te 


Since the time frame of the experiment is decreased by a factor of 100, the shift factor ay is 1/100. Therefore, 


Tapes 6K 
€ ~ 20.338 


So the glass transition temperature would be raised by about 6°C. This is in agreement with the experiment. 


2.10.1 Quantitative Effects of Factors on T, 


The lower the molecular weight of a polymer sample, i.e., the greater the number of chain ends, 
the higher becomes the contribution to the free volume when these begin moving; consequently 
T, decreases as the molecular weight of the sample is lowered. This behavior can be approximated 
to an equation of the form (Fox and Flory, 1950, 1954) 


Tz = Tg — K/M (2.35) 


relating T, to molecular weight M; Tg œ in this equation is the value of T, for a polymer sample 
of infinite molecular weight and K is a constant. 
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In a polymer sample of molecular weight M, and density p, the number of chains per unit 
volume is given by PNav/Mn, where Nay is Avogadro’s number, and so the number of chain ends 
per unit volume is 20Nay /M,,. If 8 is the contribution of one chain end to the free volume then the 
total fractional free volume due to all chain ends, fe, will be given by 


fe = 2pNav6/Mn (2.36) 


It can be argued that fo is the extra amount of free volume in a low molecular weight compound, 
as compared to a polymer of infinite molecular weight, that causes lowering of the glass transition 
temperature from Tg œ to Tg. So fe will be equivalent to the free volume expansion between T, and 
Tg œ, Which means that 


fe = af (Tg00 — To) (2.37) 


where œp is the thermal expansion coefficient of the free volume. Combining Eqs. (2.36) and 
(2.37) and rearranging one then gets 


T = eee (2.38) 


which is exactly of the same form as Eq. (2.35) when K = 2pNav0/ap. 


Problem 2.29 A polydisperse polystyrene sample was fractionated into four components of various molec- 
ular distributions and T, of each fraction was measured: 


Component Wt. fraction (w) Mn To CK) 
1 0.05 1.5x10° 378.9 
2 0.41 4.8x10° 378.5 
3 0.39 1.2x10° 377.2 
4 0.15 3.7x104 373.3 


(a) Obtain a relation between T, and molecular weight. 
(b) Calculate the T, value of the polydisperse polystyrene. 


Answer: 
(a) Ty is plotted against 1/M, in Fig. 2.24 according to Eq.(2.35). From the intercept and slope of the straight 
line plot, 


Teg = 379K, K = 21x00" °K g mol`! 
(b) From the definition of number average molecular weight (see Chapter 4): 
1 
WE ce WA 
Mn Mı Mz M3 M4 
Using Eq. (2.35), 


Tg,00 — Tg 2 wı(Tg, œ = 2.1) a w2(Tg, œ% = 2,2) 


K K K 
n w3 (Te, o = T3) w4(Te, o = 24) 
K K 
Simplifying, 
Tg = WiTg1 + w212 + w3Tg3 + w4To4 
= (0.05)(378.9°K) + (0.41)(378.5°K) + (0.39)(377.2°K) + (0.15)(373.3°K) 
= 377.2°K 


Therefore the Tg of unfractionated polymer sample is 104°C. 
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Figure 2.24 Plot of T, against reciprocal molecular weight (data of Problem 2.29). 


Branches present in small numbers on a polymer chain are known to decrease 7,. This effect 
also can be explained using the free volume concept. Since branches give rise to chain ends, the 
above analysis of the effect of molecular weight on 7, can be extended to branching. Thus, if the 
total number ends per chain is y, then by the analysis as given above one may write 


o YPN av 0 
aMn 


Tz = Te, œ (2.39) 


where T, œ is again the glass transition temperature of a linear chain of infinite molecular weight. 
Since a linear chain itself has two ends, the number of branches per chain is (y — 2). Equation 
(2.39) is applicable if the number of branches is low. As the density of branching increases, it 
produces the same effect as side groups in restricting chain mobility and hence T; rises. 


Problem 2.30 The T, of a linear polymer with M,, = 2500 is 120°C, while for a sample of the same linear 
polymer with M,, = 10,000, Tz is 150°C. On the other hand, a branched product of the same polymer with Mn 
= 6,000 has a T; of 114°C. Determine the average number of branches per chain of the branched polymer. 


Answer: 
If pNav6/af is assumed to be constant (K) over the temperature range defined by the 7,’s, Eq. (2.39) can be 
written as 

Tyg = Tg œ - Ky/Mn 
Linear polymer: M, = 2500 g mol"!, Tg = 393°K, y=2 

393°K = Tyo = 2K/(2300 g mol!) (P2.30.1) 
Linear polymer: M, = 10,000 g mol@!, T; = 423°K, y = 2 

423°K = Tp œ — 2K/(10000 g mol!) (P2.30.2) 
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Solving Eqs. (P2.29.1) and (P2.29.2) simultaneously gives 

K = 4.48x10* °Kgmol™!; Ty œ = 432°K 
Branched polymer: Mna = 6,000 gmol7!, Tz = 387°K, y =? 
(4.48 x 104 g °K mol!) 


(6000 g mol™!) 
Therefore, the average number of branches per chain = 6-2 = 4 


387°K = 432°K - ly = y = 602 


The effect of crosslinking on T, can be treated along similar lines to the effects of molecular 
weight and branching. When two polymer chains are connected by introducing a crosslink at 
intermediate points, the chains are pulled closer together at these points and the free volume is 
decreased. This reduction in the free volume increases T, since molecular motion becomes more 
difficult. 

According to the free-volume theory, as we have seen earlier, the free-volume fraction f in a 
polymer at a temperature T above 7, can be expressed in a linear form [cf. Eq. (2.17)]: 


f = fg + (ar — aG)(T - Te) (2.40) 
where f, is the free volume fraction at the glass transition; œg and œg are, respectively, the coef- 
ficients of thermal expansion above and below T,. Considering 1 cm? of polymer-diluent mixture 
comprising $p cm? of polymer and ġa cm? of diluent, the free volume fp associated with Øp cm? 
of polymer at the glass temperature T, of the mixture is, therefore, 


fp = Op fe + (ar - AG\Tz - Tep)] (2.41) 


where Tp is the glass transition temperature of the pure polymer. Similarly for ¢g cm? of the 
diluent the free volume fy is 


fa = galfe + Ga(Tz — Tga)] (2.42) 


since for a simple liquid the whole of the thermal expansion may, to a first approximation, be 
regarded as contributing to the free volume; 7,4 is the glass transition temperature of the diluent. 
Equations (2.41) and (2.42) are based on the postulate that the free volume fraction has a critical 
value fg which is the same for the pure polymer, the diluent and their mixtures at the respective 
glass temperatures (Kelley and Bueche, 1961). Since for 1 cm? of the mixture the free volume 
fraction at Ty, i.e., fe, is given by (fp + fa), adding Eqs. (2.41) and (2.42) and rearranging gives 


bpTep(@r — AG) + baTgada 


T, = 
s PplaR — ag) + baag 


(2.43) 
The value of (œr — œg) is roughly constant for many polymers, a typical value being 3.2x10~* 
°K! (Sharma et al., 1972). 


Problem 2.31 In plasticization of poly(methyl methacrylate) (Ty = 105°C ar - ag = 3.2x1074 °K7!) 
with diethyl phthalate (Tz = — 65°C, ag = 10x1074 °K~!), how much plasticizer would have to be added in 
order for T, to be 50°C ? 

Answer: 

Substituting øp = 1-a; Tep = 105°C = 378 °K; ar- ag =23.2x10 °K! ; Tga = - 65°C= 
208 °K; ag = 1073 °K7!; Tz = 50°C= 323 °K, Eq. (2.43) becomes 


ad — ba) X378 X3.2 x 1074 + dg x208 x 1073 
(1 — ¢g)X3.2x 10-4 + ġa x107 


Solving, dg =0.13. So, 13% (by vol.) of plasticizer is to be added to the polymer. 


323 = 
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A relationship between T, and the composition of a random or statistical copolymer can be de- 
rived by assuming that each type of monomer unit has a characteristic free volume and that it is the 
same in a copolymer or homopolymer. Denoting the two types of monomer units in a copolymer 
by subscripts 1 and 2, a linear relationship between T, and the weight fraction composition is thus 
obtained as 


Ty = wiTg1 + w2Tg2 (2.44) 


This equation usually predicts T, too high. 

Using the iso-free-volume criterion for the glass transition and assuming that each type of 
monomer unit retains its characteristic free volume in the copolymer above T, the following rela- 
tionship has been derived (Mandelkern et al., 1957): 


1 1 | wi S] 


= — + — 
Toi Tg 


Tg ~ (wi + Bw2) GAN 


Here B is a constant for the pair of monomers. With the assumption that B, which is never far from 
unity, is exactly unity, Eq. (2.45) reduces to the very simple, but nonlinear form 
1 w] w2 


= —+— (2.46) 
Te Tg, Tg,2 


This is the familiar Fox equation (Fox, 1956). This equation predicts the typically convex relation- 


ship obtained when T, is plotted against wı or w2. 
Equation (2.45) can be rearranged to a more convenient form : 


wi(Tz — T1) + kw2(Tz - Tg2) = 0 (2.47) 


where k = B(T,/T,,2). This is known as the Wood equation, which fits data for many copolymers 
very well. 

Though Eqs. (2.44) to (2.47) are derived for random copolymers, these are also applicable to 
those cases of polymer blending and plasticization with low molecular weight compounds where 
phase separation does not take place and one phase is retained. 


Problem 2.32 From the following data for Tọ of compatible blends of polyphenyleneoxide (PPO) and 
polystyrene (PS) as a function of weight fraction (w1) of PS: 


wi 0 02 04 06 08 10 
To CK) | 489 458 431 413 394 378 


Estimate the value of T, for a PPO/PS blend with PS weight fraction of 0.3. 
Answer: 
The T values of the PPO/PS blends are plotted against the weight fraction w; of PPO in Fig. 2.25. The 


curves for the linear equation (2.44), the Fox equation (2.46), and the Wood equation (2.47) are drawn on the 
same graph. Best fit is seen to be obtained for the Wood equation with k = 0.679. 

From Eq. (2.47): 

w] Tg * kw2Tg 2 


Tg = 
wi + kw2 
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With w; =0.3, w2 =0.7, Tg 1 =378°K, Tg? = 489°K, 


0.3 x(378 °K) + 0.679 x0.7 x (489 °K) 


= 446 °K 
0.3 + 0.679 x0.7 


Tz, = 


Problem 2.33 How much of a low molecular weight plasticizer with Tz, = -— 80°C should be added to a 
film of nylon-6,6 in order that T, is reduced from 50°C to 25°C? 


Answer: 
Assuming that single phase is retained on plasticization, equations derived for random polymers can be used 


To 1 = 50°C= 323 °K, T,2 = — 80°C= 193 °K, Ty = 25°C= 298 °K 
From Eq. (2.44): 

(298°K) = (1 — w2)(323°K) + w2(193°K) = > w = 0.19 
From Eq. (2.46): 


l 1- 
= = ge o i S017 
(298°K) — (323°K) ` (193°K) 


The difference is due to higher T, value predicted by the linear equation. 


490 


LinearEq.(2.44) 
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Figure 2.25 Plot of T, against composition for PPO/PS blends according to (a) the linear equation, (b) the 
Fox equation, and (c) the Wood equation. Circles represent experimental points (data of Problem 2.32). 
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2.11 Chain Movements in Amorphous State 


The random chain arrangements in amorphous or molten polymer create extra empty space, called 
the free volume, which essentially consists of holes in the matrix. When sufficient thermal energy is 
available, the vibrations can cause a segment to jump into a hole by cooperative bond rotation and 
a series of such jumps can result in the polymer chain eventually changing its position. However, 
the complete movement of a chain cannot remain unaffected by the surrounding chains since 
considerable entanglement exists in the melt and any motion will be retarded by other chains. 


According to Bueche (1962), the polymer molecule may drag along several others during flow, 
causing energy dissipation due to friction. The length of the polymer chains in the sample would 
thus be expected to play a significant role in determining the friction and resistance to flow. The 
effect of chain length on melt viscosity (7), measured at low shear rates to ensure Newtonian flow, 
is illustrated in Fig. 2.26. The plot (Fox and Flory, 1951) shows the dependence of melt viscosity 
on chain length Z defined as the weight average number of chain atoms in the polymer molecules. 
(For vinyl polymers Z is twice and for diene polymers four times the weight-average degree of 
polymerization.) Below the critical chain length Ze the melt viscosity is given by 


n = KZ” (2.48) 
and above Ze, the melt viscosity is given by 
n = kis (2.49) 


where Kz and Ky are constants for low and high degrees of polymerization. They are temperature 
dependent. 

While the 1.0 power dependence in Eq. (2.48) represents the simple increase in viscosity as 
the chain gets longer, the dependence of the viscosity on the 3.4 power of the chain length as 
shown in Eq. (2.49) arises from entanglement and diffusion considerations. Thus the critical chain 
length Ze may be looked upon as the threshold below which the chains are too short to cause 
significant increase in viscosity by entanglement effects and above which the chains are large 
enough to cause entanglement, large increase in viscosity and retard melt flow. A few approximate 
Ze values (Sperling, 1986) are: polyisobutylene 610, polystyrene 730, poly(dimethyl siloxane) 
950, and poly(decamethylene adipate) 290. Relatively flexible polymer chains have a high Ze, 
while more rigid-chain polymers have a relatively low Ze. 


Problem 2.34 A plastics extruder is known to work best at a melt viscosity of about 20,000 poises. The 
vinyl polymer of DP, = 750 and To = 80°C, earlier used with the extruder, had this viscosity at 150°C. 
However, a batch of the same polymer received subsequently has DP,, = 500. At what temperature should 
the extruder now be run so that the optimum melt viscosity for processing is achieved (Sperling, 1986) ? 


Answer: For a vinyl polymer, Z = 2(DP,,). Since both samples have Z > 700, Eq. (2.49) can be used for 
both. 


For polymer with DP,, = 750 and at 150°C, 
2x10* = Ky(2x750)>4 
Ky = 3.18x107" at 150°C 
For polymer with DP„ = 500, 
n = 3.18x10~7 (2x500)?4 = 6023 Poise at 150°C 
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The WLF equation (cf. Eq. (2.32)) can be written as 


nr _ -17.44(T - Te) 
ne 51.6 + (T — Te) 


log 


Since at high molecular weight Tg is essentially constant, both the polymer samples may be assumed to have 
the same 7,. Therefore, 


6023, —-17.44(150 — 80) 


— = => m = 6.6x 10! Poise 
Ng 51.6 + (150 — 80) 


log 
Applying the WLF equation again 
2x 104 -17.44(T — 80) 


- , Iving, T = 142° 
oe z6xi03 ~ s164 g0) SONES G 


2.11.1 The Reptation Model 


Since independent chain mobility is not possible for polymer chains longer than Z. because of 
the onset of entanglement, a modified model is required to account for the ability of long chains to 
translate and diffuse through the polymer matrix. The reptation model of De Gennes consists of 
a single polymeric chain, trapped inside a three-dimensional network of entangled chains, which 
may be considered to constitute a set of fixed obstacles, as shown in Fig. 2.27. The chain is not 
allowed to cross any of the obstacles, but it may move in a snake-like fashion among them. This 
snake-like motion is called reptation. 


6.0 


4.0 


log 101 


-2.0 2.0 30 4.0 
logig Z 


Figure 2.26 Plot of melt viscosity versus chain length Z for polyisobutylene fractions at 217°C. (After Fox 
and Flory, 1951.) 
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Polymer chain 


D Fixed 


obstacles 


Figure 2.27 A model for reptation. The polymer chain moves among fixed obstacles, but cannot cross any 
of them. (After De Gennes, 1971; Sperling, 1986.) 


Figure 2.28 (a) Schematic representation of a polymer chain confined in a hypothetical tube contoured by 
fixed obstacles. (b) Movement of a “kink” along the chain. (After Cowie, 1991.) 


In the De Gennes approach, the polymer chain is assumed to be confined in a hypothetical tube 
[Fig. 2.28(a)], the contours of which are defined by the position of the entanglement points in the 
network. Mechanistically, reptation can be viewed as the movement of a kink in the chain along 
its length [see Fig. 2.28(b)] until it reaches the end of the chain and leaves it. Successive motions 
of this kind translate the chain through the tube and eventually take it completely out of the tube. 
Using scaling concepts, de Gennes (1971) found that the diffusion coefficient, D, of a chain in the 
entangled polymer matrix depends on the molecular weight M as 


D x M”? (2.50) 


Polyethylene of molecular weight 10,000 has a value of D near 1078 cm?/s at 176°C and polystyrene 
of molecular weight 100,000 has a D value of about 107! cm?/s at 175°C (Tirrell, 1984). 
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When two blocks of the same polymer are pressed together at a temperature above the T, for 
a relatively short time ¢, interdiffusion of polymer chains takes place (by reptation) across the 
interface to produce a significant number of entanglements, thereby joining the blocks together 
(Sperling, 1986). The strength of the junction formed will, however, depend on time t. 


Problem 2.35 Mills et al. (1984) related the diffusion coefficient of polystyrene at 170°C to the weight- 
average molecular weight by the equation : 
D = 8x10 M) cm?/s 


In the welding of polystyrene (M,, = 10°) at a temperature of 170°C, calculate the flux of polymer molecules 
across the interface for diffusion over a 100 A distance. (Density of polystyrene = 1.0 g/cm?.) 


Answer: 
(1.0 g cm~’) 


(105 g mol™!) 


Concentration gradient over 100 Å or 1076 cm distance from the bulk concentration to a zero concentration 
= [07 - 0) mol cm~3]/(107f cm) = 10 mol cm~4 


D = 8x10 x107! cm? s7! = 8x107! cm? s7! 


ee 


Bulk concentration of polymer = = 107 mol cm~? 


Flux = (8x107! cm? s~!)(10 mol cm~*)(6 x 10? molecules mol!) 


= 48x10!! molecules cm~? s7! 


In one second, 48x10!! molecules will diffuse through a 1-cm? area of the interface. 


2.12 Thermodynamics of Rubber Elasticity 


Elastomer deformation is particularly amenable to analysis using thermodynamics since an ideal 
elastomer behaves essentially as an ‘entropy spring’, resembling an ideal gas in this respect. In the 
following we shall derive relationships for internal energy (U) and entropy (S) changes accompa- 
nying deformation of an elastomer. More particularly, we shall be concerned with derivation of 
relationships between U and S and the state variables — force (f), length (/), and temperature (T) 
— from the first and second laws of thermodynamics and use the analogy of an ideal elastomer 
and an ideal gas since both can be considered as entropy springs. 

The first law of thermodynamics states that the change in internal energy (AU) of an isolated 
system is equal to the total heat (Q) absorbed by the system less the work (W) done by the system: 


AU = O-W (2.51) 
In differential form, 


dU = dQ - dW (2.52) 


If the work is done on the system, such as when a gas is compressed or an elastomer is deformed 
by applying force, the corresponding equation is 


dU = dQ + dW (2.53) 


According to the second law of thermodynamics, the heat absorbed by the system dQ at tempera- 
ture T is related to the increment of entropy dS by 


dS = dQ/T (2.54) 
For a reversible process, Eqs. (2.53) and (2.54) thus yield 
dU = TdS + dW (2.55) 
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If the length of an elastic specimen is increased a small amount dl by a tensile force f then 
the amount of work fdl will be done on the system (i.e., the specimen). There is also a change in 
volume dV during elastic deformation. So if a hydrostatic pressure P is acting in addition to the 
tensile force f, the work PdV is done by the system against the pressure, P. The total work done 
on the system is therefore = 


dW = fdl — PdV (2.56) 


One experimental observation which allows the analysis to be simplified is that the deforma- 
tion of elastomers takes place approximately at constant volume, i.e., the deformation is nearly 
isovolume. For such a deformation at ambient pressure (P = | atm), the contribution of PdV to 
dW will be small and so the work done on the system in creating an elongation dl is 


dW = fdl (2.57) 
Substitution in Eq. (2.55) gives 


dU = fdl + TdS (2.58) 


A useful thermodynamic quantity to characterize changes at constant volume of the working 
substance is Helmholtz free energy. It is defined as 


A= U-TS (2.59) 
Differentiating at constant temperature, 
dA = dU -TdS (2.60) 


From a comparison of Eqs. (2.58) and (2.60), 


dA = fdl (constant T ) (2.61) 
Therefore, 
f = (OA/Ol )r (2.62) 
Combining Eqs. (2.60) and (2.62), the force f can be expressed as 
f = (OU/dl)r — T(OS/dl yr (2.63) 


The first term in Eq. (2.63) refers to the change in internal energy with extension and the second 
to the change in entropy with extension. Thus the contribution to the total force consists of an 
internal energy component and an entropy component. While the internal energy term is dominant 
in the case of most materials, for elastomers, however, the change in entropy makes the largest 
contribution to the force. This can be shown after modifying the entropy term in Eq. (2.63). From 
Eq. (2.59), for any general change, 


dA = dU — TdS — SdT (2.64) 
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Combining this equation with Eq. (2.58) gives 
dA = fdl — SdT (2.65) 


and partial differentiation first at constant temperature and then at constant length gives 


(Abl) = f i 
(OA/OT ); = -S 
Applying the standard relation for partial differentiation, viz., 

0 (ðA ô (0A 

—{—) = —/— 2.67 

ól (Fr), OT ( ól | ( ) 
to Eq. (2.66) gives 

(8S/ðl )r = —(Of/OT )ı (2.68) 
Equation (2.63) then becomes 

f = (OU/dl)r + T(Of/OT )ı (2.69) 


This equation is sometimes called the thermodynamic equation of state for rubber elasticity. For 
an ideal elastomer (U /ðl )r = 0; Equations (2.63) and (2.69) then reduce to 


f = -T(OS/Al)ry = T(Of/AT )ı (2.70) 


For real elastomers, however, the internal energy term (OU/0l )7 cannot be exactly zero, since 
chain uncoiling would require that the bond rotational energy barriers are overcome. 

The values of (OU/Ol )r and (ðS/ðl )r for real elastomers can be determined by measuring 
how the tensile force required to hold an elastomer at constant length varies with the temperature, 
as shown schematically in Fig. 2.29. Above the glass transition temperature, f increases as T 
increases indicating a contraction of the elastomer. The slope of the curve at any point (3 f/ôT ), 
gives, according to Eq. (2.68), the variation of entropy with extension at that temperature and 
enables the value of (OU/0l )7 to be calculated from Eq. (2.69). It is known from various mea- 
surements on polybutadiene and cis-polyisoprene elastomers that (0U /ðl )r is only about 1/10 to 
1/5 of f, which means that there is very small change in internal energy during extension and it is 
the change in entropy that dominates the deformation. Therefore, these elastomers are essentially, 
but not entirely, entropy springs. 


2.12.1 Stress-Strain Behavior of Crosslinked Elastomers 


Consider a cube of crosslinked elastomer subjected to a tensile force f. The ratio of the increase 
in length to the unstretched length is the nominal strain, e, 


€ = (E -= hy (2.71) 
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} GD, 


Temperature (7) K 


Force f at constant length 


Figure 2.29 An analysis of the thermodynamic equation of state [Eq. (2.69)] for rubber elasticity using a 
general experimental curve of force versus temperature at constant length. The tangent to the curve at T is 
extended back to 0°K. For an ideal elastomer, the quantity (U /ôf)r is zero, and the tangent goes through the 
origin. The experimental line is, however, straight in the ideal case. (After Flory, 1953.) 


where f and f, are the stretched and unstretched specimen lengths, respectively. The deformation, 
expressed as the extension ratio A, is thus related to € by 


À 


ll 
> 
= 

ll 
= 
+ 
M 


(2.72) 


For a cube of unit initial dimensions, df = f,dA = dd and the stress o is equal to the force f. 
Equation (2.70) is thus equivalent to 


o = -—T(0S/0A)r (2.73) 


From statistical mechanical calculations (Treloar, 1975) it can be shown that the entropy of defor- 
mation is given by 


AS = —(nR/2Nay) [A2 + (2/A) - 3] (2.74) 


where n is the number of chain segments between crosslinks (Fig. 2.30) per unit volume, R is 
the universal gas constant, and Na, is Avogadro’s number. This equation is derived for an ideal 
network. 

Combination of Eqs. (2.73) and (2.74) gives 


o = (nRT/Nay) (A — 1/1?) (2.75) 


For an ideal network the quantity oNay/n (where p is the elastomer density, gram per unit 
volume) is defined as the average molecular weight of chain lengths between crosslinks, denoted 
by Me. So, 

PNay 


= = 2.76 
n i. (2.76) 
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Figure 2.30 Idealized network structure of a crosslinked polymer. e indicates a crosslink (junction) and 
— signifies continuation of the network structure. Wavy lines between crosslinks are active network chain 
segments. (Note that for a tetrafunctional cross-link, as shown here, the number of crosslinks is one-half the 
number of active network chain segments.) 


Equation (2.75) can thus be written as 
o = (pRT/M.) (A — 1/2’) (2.77) 


M. is a basic variable characterizing the network structure. A high value of Me implies a more 
tightly crosslinked structure. Hence 1/M, may be taken as a measure of the degree of crosslinking. 


Equation (2.77) thus predicts that the stress required to maintain a given strain will increase 
with temperature, density, and degree of crosslinking of the elastomer. 
Substituting for A from Eq. (2.72), Eq. (2.77) is approximately given by 


o = (pRT/M,)GBe + 3€ +--+) (2.78) 
At low strains, Young’s modulus EF is 
E = dojde = 3pRT/M. (2.79) 


Thus, the higher the degree of crosslinking (i.e., lower Me) of the elastomer, the higher will be 
its modulus. It will therefore require more force to extend the elastomer a given amount at fixed 
temperature. Also, for a given elastomer the modulus will increase with temperature, which is 
characteristic of an entropy spring. 


Problem 2.36 A rubber band, 5 cm long, is stretched to 10 cm. The stress at this length is found to increase 
by 1.2x10° Pa when the temperature is raised by 5°C. Assuming ideal behavior, calculate the modulus at 2% 
elongation of the rubber band at 25°C. Neglect any change in volume with temperature. 

Answer: 

From Eq. (2.72): A = f/f = 10/5 = 2.0; so, A-1/A? = 2-1/4 = 1.75. 


88 Chapter 2 


From Eq. (2.75): © = (nR/Nay)(T)(A — 1/42). Therefore, at 7; and 7>: 
oi = (AR/Nay)(T)C.75) and o2 = (nR/Nav) R) (1.75) 
Hence, 02-0] = 1.2x 10° Pa = (nR/Nay)(5.0)(1.75) which yields (nR/Nay) = 1.37 x 104. 
At 2% elongation (i.e., A = 1.02) andatT = 298°K, 
(nR/Nay)(298)(A = 1/27) 
Q-1) 
(1.37 x 104)(298)(0.0588) 


0.02 
= 1.20x107 Pa (= 12.0 MPa) 


E = oje = o/(A-1) 


Problem 2.37 A styrene-butadiene rubber with 23.5 mol% styrene in the polymer is vulcanized with sul- 
fur. (a) Calculate the stress at 20% elongation of the vulcanizate in which 1.4% of the butadiene units 
are crosslinked. (b) What would be the corresponding stress if 2% of the butadiene units are crosslinked ? 
Assume random distribution of styrene and butadiene units in the polymer chain. [Density of vulcanizate 
(without filler) = 0.98 g/cm? at 25°C.] 


Answer: 
Molar mass of styrene (CgHg) = 104 g/mol. Molar mass of butadiene (C4H6) = 54 g/mol. Molar ratio of 
styrene to butadiene in polymer = 23.5/(100 — 23.5) = 0.307. 


(a) Average molar mass of chain lengths between cross-links, Me (cf. Fig. 1.8 in 
Chapter 1) is 

= 100 — 1.4 

M. = eis g mol!) + (0.307)(104 gmol7!)] = 6052 g mol! 


For 20% elongation, A = 1.2. So from Eq. (2.77): 


ete (0.98 g cm~?) (8.37 x 107 ergs mol`! °K) xf. 1 z 
(6052 g mol) (1.2) 
2x106 dyne cm? = 0.2x10° Nm~ (= 0.2 MPa) 


(b) With 2% of the butadiene units crosslinked, 


i (100 — 2.0) zj Ei - 
c= aq es gmol! + (0.307)(104 gmol'| = 4210 g mol 


The stress increases in proportion to the degree of crosslinking. Therefore, 
(6052 g mol7!) 

(4210 g mol7!) 

= 3x10° dynecm~ = 0.3x10° Nm~ (= 0.3 MPa) 


(2x 10° dyne cm~?) 


Problem 2.38 A strip of natural rubber of volume 5 cm? is slowly and reversibly stretched to twice its 
length. If the initial slope of the stress-strain curve is 2.5 MPa, how much work (in joules) is done in stretch- 
ing ? Assume that the rubber behaves ideally. 

Answer: 

Let w = work done, Ap = initial cross-sectional area, fọ = initial length, V) = initial volume. 


W = ffdt, o = fA A= bff, Vo = Ao = 5x10% m? 


DE _ (mRT\ (7 2), _ (nRT 
(WM) = f odd = (f (à - 1/2?) dà = (=) (P2.38.1) 
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From Egs. (2.72) and (2.75): 


PN) ae 


d RT 
(2) = 3(5 = 2.5 MPa = 2.5x10° J/m? (P2.38.2) 
de Je=0 Nay 


Combining Eqs. (P2.38.1) and (P2.38.2), 
(W/V) = (2.5/3) x 10° Jim? = W = (2.5/3)(5)J = 4.173 


Problem 2.39 For an ideal rubber strip (20 cm long, 1 cm thick, and 2 cm wide), 20 J of work is expended 
in stretching it to twice its length at 25°C. Calculate the chain density in mol/em?. 


Answer: 
Energy/volume = 20 J/40 em? = 0.5 J/cm? 


Energy/volume = {odd = (nRT/Nay) [ faar- faa] = (nRT/Nay) 


0.5 Jcm7)(107 erg J7! 
So, niNay = eee ee eee = 2x107 mol cm? 
(8.37 x107 erg mol! °K-!)(298°K) 


Problem 2.40 In a sample of natural rubber (cis-polyisoprene) vulcanizate about one of every 200 chain 
carbon atoms is crosslinked. Estimate the Young’s modulus of the sample at low extensions. (Density of 
vulcanizate = 0.94 g/cm? at 25°C; gas constant R = 8.3x10’ ergs mol`! °K~! = 1.987 cal mol”! 
K-L.) 
Answer: 
There are 200 carbon atoms between crosslinks on the average. This corresponds to 200/4 = 50 monomer 
units between crosslinks (see Fig. 1.8 in Chapter 1). Since the formula weight of isoprene monomer (C5Hg) 
= 68 g mol™!, Me = 50x68 = 3400 g mol"! 

3(0.93 g cm~?) (8.3 x 107 dyne.cm mol~! °K7!)(298°K) 

(3400 g mol!) 

2.0107 dynecm™? = 2.0x10f Nm? (= 2 MPa) 

[ 1 dyne cm~? = 0.1 N m™? =0.1 Pa] 


From Eq. (2.79): E 


Problem 2.41 Stress-strain measurements on a lightly vulcanized natural rubber sample yielded a value of 
1.9x107 dyne/cm? for Young’s modulus at low extensions. (a) Calculate the molecular weight of an average 
chain length between crosslinks. (b) Assuming ideal network structure obtain an estimate of the crosslinked 
isoprene units in the vulcanized rubber. 


Answer: 
(a) From Eq. (2.79): 
Me = 3pRT/E 


3(0.94 g cm~3)(8.3 x 107 dyne.cm mol”! °K7!)(298 °K) 
1.9x107 dyne cm~? 


3671 g mol! 
(b) Molar mass of isoprene (CsHg) = 68 g mol™! 


According to the idealized structure shown in Fig. 1.4 (Chapter 1), fraction of isoprene units crosslinked = 
(68 g mol™!)/(3671 g mol™!) = 0.02 
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It may be recalled that Eq. (2.77) was derived for an ideal network. The actual behavior of 
real cross-linked elastomers, however, shows much better accord with the Mooney-Rivlin equation 
(Mooney, 1948; Rivlin, 1948): 


C+ Gh = Loa - 1A37! (2.80) 


where Cı and C2 are empirical constants. 
Equation (2.80) is sometimes written in a form similar to Eq. (2.77) as 


o = (2C, + 20/ŅA - 1/2) (2.81) 


It has been shown that 2C; is related to the degree of crosslinking (1/M,), to a fair approxima- 
tion, by 


2C, = pRT/M. (2.82) 


The parameter C> is regarded as a factor correcting for the oversimplification of the elasticity- 
theory model. 

According to Eq. (2.77), the reduced stress o/(A — 1/A2 ) should be a constant. Equation 
(2.81), on the other hand, predicts that this quantity depends on A. Plots of o/(A — 1 /A2 ) versus 
1/A are, in fact, found to be linear, especially at low elongation and thus allow for the determination 
of both C; and C2 (see Problem 2.42) 

The parameter C} may be considered to be an approximate measure of the departures from 
the ideal behavior. The magnitude of this parameter is large in dry and lightly swollen rubbers 
but decreases to zero at high degrees of swelling (see also ‘Theory of Swelling’ in Chapter 3). A 
highly swollen rubber thus obeys the ideal rubber Eq. (2.77) more closely. 


Problem 2.42 Consider the following stress-strain data (Sperling, 1986) for a rubber band subjected to 
increasing load at 25°C: 


Stress (7), 10° Pa 
3.6 5.3 7.1 11.1 15.1 19.4 


Strain (€) 0.4 0.7 1.2 2.5 3.5 4.2 


Make a Mooney-Rivlin plot and determine the constants Cı and C2. Obtain an estimate of the degree of 
crosslinking of the rubber band. (Density of rubber band = 1.09 g/cm?.) 

Answer: 

Extension A is calculated from strain e€ by the relation (cf. Eq. (2.72): A = 1 +e andao/(A- a72) is 
plotted against 1/A (Fig. 2.31). The upturn in the curve at high extensions (i.e., low 1/A) would be attributed 
to non-Gaussian behavior and limited extensibility of the chain molecules. The values of 2C; and 2C> are 
obtained from the intercept and slope, respectively, of the linear portion of the plot at low extensions. This 
yields C} = 1.1x10° Pa = 1.1x10° dyne/em* and C) = 1.4x10° Pa = 1.4x10° dyne/cm?. 


From Eq. (2.82): 

2(1.1x 10° dyne cm~?) 
(1.09 gcm~3)(8.31 x 107 erg mol7! °K-!)(298 °K) 
8.1 x107" mol g`! 


1/Me = 2C,/pRT 
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0 0.2 0.4 0.6 0.8 1.0 
1/À 


Figure 2.31 A Mooney-Rivlin plot with the data of Problem 2.42. (After Sperling, 1986.) 


2.12.2 Nonideal Networks 
2.12.2.1 Network Defects 


The elastic properties of a vulcanizate is largely influenced by the initial molecular weight of 
the raw rubber, i.e., before vulcanization. This is because the number of chain ends depends on 
the molecular weight and each chain end constitutes a flaw in the final network structure. The 
portion of a molecule from one end to its first crosslinkage along its path, such as the chain AB in 
Fig. 2.32(a), makes no contribution toward sustaining a stress as it is always free to assume any 
conformation whatever, as the end A is free. Similarly, the two chains EC and CF of molecule EF 
are inactive, and so the crosslinkage at C is not a point of constraint on the chain BD. The portion 
of the network from B to D is thus to be considered a single (active) chain, as if the crosslinkage 
at C were not present. The crosslink junctions B and D are elastically active, while C is not. 

It follows from the above discussion that a junction is elastically active if at least three paths 
leading away from it are independently attached to the network. A polymer chain segment, also 
called a strand, is elastically active if it is bound at each end by elastically active junctions. Loops 
in the network structure [Fig. 2.32(b)] do not contribute to the elasticity of the network as they 
have the two ends of a chain segment connected to the network at the same point. 


2.12.2.2 Elastically Active Chain Sections 


As explained above, a number of chain sections, such as loops and chain ends, do not contribute to 
the elasticity of the network. It is therefore necessary to develop an expression for the number ne 
of active chain sections in a real structure containing a total number n of both active and inactive 
chain sections. 

Suppose that the material consisted originally of N individual molecules of average molecular 
weight M„ per unit volume. The minimum number of links per unit volume which would be 
required to create a continuous system forming a giant molecule is N — 1. It would be incorrect to 
call it a network, inasmuch as it contains no net-like structure, i.e., it possesses no circuitous 
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(a) A 


(b) 


Figure 2.32 (a) Effect of ends of molecules on network structure. (b) Network structure and defects: ® 
cross-links; © terminus of a molecule; (1) elastically active chain; (2) inactive loop; (3) inactive loose end. 
An arrow (—) signifies continuation of the network structure. (After Flory, 1944.) 


connections within its structure. As additional crosslinks are added, the structure acquires the 
character of a network. Only connections in excess of (N — 1) effectively fix the structure so that it 
responds elastically to deformation. The number of crosslinks per unit volume in a perfect network 
will be (n/2) (see Fig. 2.30). The effective number of crosslinks per unit volume in a real structure 
is therefore given by 

Ne 


n n 
Se -l)sx == 2.83 
7 7 (N ) 7 N (2.83) 


in which 1 has been neglected as being small compared with N. Now N may be expressed by 


N = pNay/Mn (2.84) 
Combining Eq. (2.83) with Eqs. (2.84) and (2.76) one obtains 
2M, 
ne = (=: = a (2.85) 
Me Mn 


This expression for ne should be substituted for n in Eq. (2.75). The combination of Eqs. (2.75) 


and (2.85) yields — 
= (E-Z) ass 


For M, > œ, Eq. (2.86) reduces to Eq. (2.77). 
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Equation (2.86) has been shown to be a suitable representation of stress in an elastomer sub- 
jected to deformation (Rivlin, 1948). Difficulties arise, however, in accurately measuring or con- 
trolling Me. In practice, Me may also change during experimentation or application because of 
oxidative or mechanical degradation. 


Problem 2.43 Given a rubber that has M,, = 100,000 g/mol before crosslinking. After crosslinking, it is 
stretched to 2 times its unstretched length at 25°C supporting a stress of 0.84 MN/m?. After aging 10 days in 
air at 125°C, the stress at 2 times its unstretched length at 25°C is only 0.48 MN/m?. (a) Calculate the degree 
of crosslinking of the rubber before aging. (b) What fraction of crosslinks are lost on aging ? The density of 
the crosslinked rubber (without filler) is 0.98 g/cm? p 


Answer: 
(a) T = 298°K, A = 2, o = 0.84MNm~ = 8.4x10° dyne cm. 
From Eq. (2.86): 


0.98 -3) (8.37 x 107 17! °K-!)(298°K 
aani deny = CEE ia ere mol eee) 


Mec 
1 2M, 
2 (105 g mol7!) 
Solving, Me = 4621 g mol™!. (Note that use of Eq. (2.77) gives Me = 5092 g mol™!.) Degree of 
crosslinking = (Ma7! = 1/(4621 g mol™!) = 2.2x1074 mol g™!. 


(b) After aging, © = 0.48 MN m? = 4.8x10° dyne cm? at T = 25°C (298°K). From Eq. (2.86), 
M, = 7563 g mol-!. Since (W,)~! is proportional to the number of crosslinks, 


(4621 g mol7!)-! — (7563 g mol7!)~! 


(4621 g mol7!)-! = 0.39 or 39% 


loss of crosslinks on aging = 
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EXERCISES 


2.1 (a) Calculate the root mean square end-to-end distance and the radius of gyration for a molecule in 
molten polypropylene of molecular weight 10°. [Data: carbon-carbon bond length = 1.54x1078 cm; 
tetrahedral bond angle = 109.5°; steric parameter, o = 1.6 at 140°C.] (b) How extensible is the 
molecule ? (Hint: Calculate the ratio of the extended chain length to the average chain end separation.) 
[Ans. (a) 2.4x10~6 cm; 9.8x10~7 cm. (b) 24 times] 


2.2 Assuming that the RMS end-to-end distance is an approximate measure of the diameter of the spher- 
ical, coiled polymer molecule in dilute solution, compare the volume occupied by one molecule of 
polyisobutylene of molecular weight 10°: 

(a) In a solid at 30°C (density = 0.92 g/cm’). 

(b) In a theta-solvent. 
Take the value of the steric parameter o for the polymer as 2.0 and the carbon-carbon bond length as 
1.54x1078 cm. 
[Ans. (a) 1.81x10° A3; (b) 2.92x108 A] 


2.3 The RMS end-to-end distance is 2.01./n A for cis-polyisoprene and 2.904/7 Å for trans-polyisoprene, 
n being the total number of bonds in each real chain. Compare the chain stiffness of the two polymers. 
[Ans. Trans-polyisoprene is 1.4 times stiffer than cis-polyisoprene.] 


2.4 From the data given above calculate the values of o and Cæ for cis- and trans-polyisoprene, given that 
the length of an isoprene repeating unit is 4.60x107!m. 
[Ans. Cis-polyisoprene: © = 1.2;C,, = 3.1. Trans-polyisoprene: o = 1.8; Cœ = 6.4] 


2.5 Given that the RMS end-to-end distance < r? >l 2 is (2.90 4V 7)1078 cm for trans-polyisoprene, where n 
is the total number of bonds in the real chain, and the length of an isoprene repeating unit is 4.60x1078 
cm, calculate the number of monomer units a trans-polyisoprene molecule has per equivalent random 
(freely-jointed) chain link. 

[Ans. 1.59 ] 


Chain Dimensions, Structures, and Transitional Phenomena 95 


2.6 


2.7 


2.8 


2.9 


2.10 


2.12 


2.13 


2.14 


The a-methyl resonance in poly(@-methy] styrene) is found to be split into three peaks which are as- 
signed to isotactic, heterotactic, and syndiotactic triads. Fractions of the polymers in the three configu- 
rations determined by the area of these peaks are given below for poly(a-methy] styrene) prepared with 
two different catalysts [Brownstein, S., Bywater, S., and Worsfold, D. J., Makromol. Chem., 48, 127 
(1961): 


Polymer Catalyst Fraction of polymer 
Iso Hetero Syndio 


BF3 


Na-Naphthenide 


Determine the probability Pm and test for consistency with Bernoullian statistics. What do the values 
of Pm obtained in the two cases signify ? 
[Ans. Polymer 1: Pm = 0.06; Polymer 2: Pm = 0.4] 


The density of crystalline polyethylene is 0.996 g/cm’, while the density of amorphous polyethylene 
is 0.866 g/cm?. Calculate the percentage of crystallinity in a sample of linear polyethylene of density 
0.970 g/cm? and in a sample of branched polyethylene of density 0.917. Why do the two samples have 
considerably different crystallinities ? 

[Ans. 42.6%; 82.1% ] 


Chemically both wax and polyethylene can be described as polymethylene and represented by 
-€CH2),-, but while the former is a brittle solid the latter is a tough plastic. What are the reasons for 
this difference in mechanical behavior? 


Draw a logE versus temperature plot for a linear, amorphous polymer and indicate the position and 
name the five regions of viscoelastic behavior. How is the curve changed if (a) the polymer is semicrys- 
talline, (b) the polymer is crosslinked, and (c) the experiment is run faster ? 


To be a useful plastic, an amorphous polymer must be below its Tọ at the ambient temperature, while 
crystalline polymers may be either above or below their Tg’s. Why ? 


Explain the following 

(a) By dipping into liquid nitrogen, an adhesive tape loses its stickiness. 

(b) A hollow rubber ball when cooled in liquid nitrogen and thrown hard against the wall breaks into 
pieces. 

(c) A dinner bell coated with latex paint and kept in a freezer makes louder noise than the one coated 
and kept at room temperature. 

(d) Molding or extrusion of plastics too close to Ty can result in a stiffening of the material. 

(e) The Tg of a semicrystalline polymer is often higher than the same polymer in a completely amor- 
phous state. 

(f) In emulsion polymerization of styrene, often carried out at 80°C, the reaction does not proceed quite 
to 100% conversion. 

(g) When nylon shirts are washed and hung up to drip-dry, creases straighten out by themselves. 

(h) The postage stamp, which is coated with linear poly(vinyl alcohol) adhesive, needs to be moistened 
with water (or saliva) before applying. 

When polyethylene is chlorinated, chlorine replaces hydrogen at random. The softening point of this 
chlorinated product depends on the chlorine content. It is found that small amounts of chlorine (10 to 50 
wt% Cl) lowers the softening point while large amounts (~ 70%) raise the softening point. Rationalize 
this observation on the basis of intermolecular forces. 


Account for the fact that the coefficient of volume expansion below Tg is smaller than that above Tọ. 
Why is it said that in the glassy state the polymer is not in a true thermodynamic equilibrium ? 


A newly prepared thermoplastic polymer has a T, of 110°C and a melt viscosity of 1.2x10° poises at 
140°C. The polymer, however, degrades above 160°C. Can this polymer be processed with an extruder 
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which performs best when the melt viscosity is about 2x10? poises ? If not, what can be done to make 
the polymer processable ? 
[Ans. Cannot be used as 769.0 > 7 of processability. Plasticizer may be added.] 


The following data were obtained [L. Mandelkern, G. M. Martin, and F. A. Quinn, J. Res. Natl. Bur. 
Stand., 58, 137 (1957)] for the glass transition temperature T, of the copolymers of vinylidene fluoride 
and chlorotrifluoroethylene, as a function of the weight fraction w1 of the first comonomer. 


w1 0 014 0.35 040 0.54 1.0 
T °C) | 46 19 -3 -8 -15 -38 
What would be the T, of a copolymer with w; = 0.75? 
[Ans. —28°C] 
Two polystyrene standards (monodisperse) of molecular weights 1.8x10° and 1.6x10° have Tz values 


of 105.9°C and 104.7°C, respectively. Calculate the Tg value of a highly polydisperse polystyrene made 
up of four low polydisperse components as shown below: 


Component Wt. fraction (w) Mn 
1 0.05 1.5x10° 
2 0.41 4.8x10° 
3 0.39 1.2x10° 
4 0.15 3.7x10* 


[Ans. 104.3°C] 


A new polymer with a weight average degree of polymerization of 1400 and five atoms in the repeating 
unit has a melt viscosity of 1500 poises at 190°C. What will be the viscosity at the same temperature 
if its molecular weight is doubled ? 

[Ans. 15834 poise ] 


A vinyl polymer with a Z value of 200 has a melt viscosity of 100 poises. What would the viscosity of 
this polymer be if Z = 800? 
[Ans. 798 poise] 


A polymer with a T, of 105°C and a Z value of 400 is found to have a melt viscosity of 500 poises at 
170°C. What will be the melt viscosity at 150°C if Z = 800? Assume Zec = 600. (Hint: Combine the 
DP dependence with the WLF equation.) 

[Ans. 7.5x10° poise] 


Account for the fact that if a strip of rubber is brought into contact with the temperature-sensitive lips 
and stretched rapidly, an instantaneous warming of the strip can be easily perceived. 


A polyisoprene rubber has 2.5% of its repeating units crosslinked by sulfur vulcanization. Estimate the 
modulus of the sample at low extensions. (Density of vulcanizate = 0.94 g/cm? at 25°C.) 
[Ans. 2.7 MN m7 (= 2.7x107 dyne cm~?)] 


A synthetic rubber containing 60% butadiene and 40% isoprene by weight was vulcanized with 5% 
(w/w) sulfur. Stress-strain measurements on this vulcanizate at low extensions yielded a value of 
2.8x10’ dyne/cm? for Young’s modulus. (a) Calculate the molecular weight of the chain lengths be- 
tween crosslinks. (b) Assuming that all sulfur is used in crosslinking, determine how many sulfur atoms 
on average are used in each crosslink. (Density of vulcanizate = 0.93 g/cm? at 25°C.) 

[Ans. (a) 2464 g mol!; (b) 3.8] 


The synthetic rubber in the above problem was vulcanized such that 1.2% of the monomer units in 
the polymer were crosslinked. (a) Calculate the stress at 25% elongation of the vulcanizate. (b) What 
would be the corresponding stress if 2.4% of the units are crosslinked ? Assume random distribution of 
both monomers in the chain. (Density of vulcanizate = 0.93 g/cm? at 25°C.) 

[Ans. (a) 0.29x10° N m~? (= 0.29 MPa); (b) 0.59x10° N m~? (= 0.59 MPa)] 


An interesting experiment was described [G. V. Henderson, D. O. Cambell, V. Kuzmicz, and L. H. 
Sperling, J. Chem. Ed., 62, 269 (1985)] to determine the extent of hydrogen bonding in gelled gelatin 
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by observing the depth of indentation of a sphere into the surface of the gel. In a typical experiment 
22 g gelatin was dissolved in 600 ml water and allowed to set in refrigerator at 5°C. A steel ball 4 cm 
in diameter and weighing 262 g made an indentation 1.20 cm deep when placed on the gelled gelatin. 
Assuming a molecular weight of 30,000 for the gelatin, calculate the number of hydrogen bonds per 
molecule. 


Young’s modulus (E) may be determined from indentation by using the equation 


30. - )F 
4h3/2 1/2 


where F represents the force of sphere against the gelatin surface (= mg dynes), h represents the depth 
of indentation of sphere (cm), r is the radius of sphere (cm), g is the gravity constant, and v is Poisson’s 
ratio (may be assumed to be 0.5). 

[Ans. 0.46] 


A 6.0 cm long rubber band is stretched to 15.0 cm. It is found that to keep the rubber band at this length 
when the temperature is raised from 27°C to 32°C, an additional stress of 1.5x10° Pa is to be applied. 
Calculate the modulus of this rubber at 1% elongation at 27°C. (Neglect any changes in volume with 
temperature.) 

[Ans. 11.4 MPa] 


Two identical rubber bands, A and B, each 10 cm long, are tied together at their ends and stretched to 
a total length of 30 cm. The rubber bands A and B are at 25°C and 140°C, respectively. Calculate the 
distance of the knot from the untied end of A. 

[Ans. 16.6 cm] 
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APPENDIX 2.1 
End-to-End Distance of a Freely Jointed Chain 


The simplest mathematical model of a polymer chain is the freely jointed chain. It has n links, each of length 
L, joined in a linear sequence with no restrictions on the angles between successive bonds. The length of the 
chain along its backbone is known as the contour length and is given by nl. However, for a linear flexible 
chain, it is more realistic to consider its dimensions in terms of the distance between the two chain ends, that 
is the end-to-end distance r [Fig. A2.1(a)]. 

The analysis of this model is similar to that of the well-known random-walk model, which was first 
developed to describe the random movement of molecules in an ideal gas. The only difference now is that 
for the freely jointed chain, each step is of equal length /. To analyze the model one end of the chain may 
be fixed at the origin O of a three-dimensional rectangular coordinate system, as shown in Fig. A2.1(b), and 
the probability, P(x, y, z), of finding the other end within a small volume element dx.dy.dz at a particular point 
with coordinates (x,y,z) may be calculated. Such calculation leads to an equation of the form (Young and 
Lovell, 1990): 


P(x, y,z) = W(x,y,z)dxdydz (A2.1) 


where W(x,y,z) is the probability density function, i.e., probability per unit volume. When n is large and 
r «nl, W (x,y,z) Is given by 


W(x, y, 2) = (b/n!) expl- B0? +y? +22) (A2.2) 
where B = [3/(2nl?)]!2. Since r? = x? +y? +z, Eq. (A2.2) simplifies to 
W(x, y, 2) = (b/n! expl- Br’) (A2.3) 


The value of W (x,y,z) corresponds to an end-to-end distance r in a particular direction specified by the set 
of coordinates (x, y,z). However, there may be many such coordinates each of which gives rise to the same 
end-to-end distance r, but in a different direction. The probability of finding out chain end at a distance r in 
any direction from the other chain end located at the origin is equal to the probability W(r)dr of finding the 
chain end in a spherical shell of thickness dr at a radial distance r from the origin. Since the volume of the 
spherical shell is 4ar2dr and the probability density function is W(x, y, z), the probability W(r)dr is given by 


W(r)dr = W(x, y, z) 4nr?dr (A2.4) 


yv 
(a) (b) 


Figure A2.1 (a) Schematic representation of a coiled polymer molecule showing the end-to-end distance. (b) Diagram 
showing a coiled polymer molecule of end-to-end distance r in a rectangular coordinate system with one chain end fixed 
at the origin. (After Young and Lovell, 1990.) 
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Substitution of W(x, y, z) from Eq. (A2.3) then gives the following expression for the radial distribution 
function W(r): 


W(r) = 42(8/x/?)37? exp(— Br’) (A2.5) 


This function has a maximum value at a certain value of r. It can be shown by simple differentiation that this 
maximum occurs at r = 1/£. It is also possible to show that W(r) normalizes to unity, i.e., 


fo War =1 (A2.6) 


The mean square end-to-end distance, < r? >, is the second moment of the radial distribution function 


and so is defined by the integral (Young and Lovell, 1990) 
<r? >= he r2W(r)dr (A2.7) 
Substituting for W(r) from Eq. (A2.5) and integrating leads to 
< r? >= 3/(267) (A2.8) 
Since e = 3/(2nI*), the RMS end-to-end distance is given by 
<r SS nl | (A2.9) 


where the subscript f is used to indicate a freely jointed chain. 
Equation (A2.9) reveals that < r? > > is smaller than the contour length nl by a factor of n". The value 
of n being large, this difference is considerable and it indicates the highly coiled nature of flexible polymer 
chains. A polymer chain in dilute solution can thus be pictured as a coil, continuously altering its shape and 
size due to conformational changes under the action of random thermal motions. The angular brackets of 
< r° > denote averaging over all possible conformational sizes available to polymer molecules of the same 
molecular weight. Size differences become more significant for polymer samples which are polydisperse 
and contain chains of a wide variety of chain lengths. This calls for another averaging. Chain dimensions 
of polydisperse linear polymers are thus given by the average RMS end-to-end distance < r2 >! 2, where 
the bar indicates averaging due to chain polydispersity, whereas < r? > 
end-to-end distance of a single chain or a monodisperse polymer sample. 


without bar represents the RMS 
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Chapter 3 


Polymers in Solution 


3.1 Introduction 


A number of important characteristics of polymers, such as molecular weight, chain length, branch- 
ing, and chain stiffness, can be explored when the individual molecules are separated from each 
other. Such studies therefore employ dilute solutions of polymers. However, the dissolution of a 
polymer also brings with it many new problems. For a correct interpretation of the behavior of 
polymer solutions it is essential to understand the thermodynamics of polymer-solvent interaction. 
We will therefore explore some of the basic underlying thermodynamic principles of polymer so- 
lutions in this chapter. A major part of the chapter will be concerned with methods of studying 
polymer solutions that deal with equilibria and can be fully described by thermodynamic relations. 
These include vapor pressure, osmotic pressure, and phase separation in polymer-solvent systems. 


3.2 Thermodynamics of Liquid Mixtures 


To characterize the thermodynamic behavior of the components in a solution, it is necessary to 
use the concept of partial molar or partial specific functions. The partial molar quantities most 
commonly encountered in the thermodynamics of polymer solutions are partial molar volume V; 
and partial molar Gibbs free energy G;. The latter quantity is of special significance since it is 
identical to the quantity called chemical potential, ui, defined by 


ôG 
ne | 


a =G, (3.1) 
oe : 


Since any partial molar property of a pure substance is simply the corresponding molar property, 
the chemical potential of a component i in pure form, denoted by u?, is evidently equal to the 
molar Gibbs free energy G? of pure component i at the same temperature and pressure. 

The chemical potentials are the key partial molar quantities. The ju;’s determine reaction and 
phase equilibrium. Moreover, all other partial molar properties and all thermodynamic properties 
of the solution can be found from the u;’s if we know the chemical potentials as functions of T, P, 
and composition. 

The free energy of mixing in the formation of a solution, AGmix, is given by 


AGnix = G- } G? (3.2) 
i 
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where G is the free energy characterizing the state of the solution and G? represents the free 
energies of the individual (pure) components i forming the solution. Recognizing that chemical 
potential u; is equal to the partial molar Gibbs free energy, as shown by Eq. (3.1), and that the 
chemical potential of pure component i, pi; is equal to simply the molar Gibbs free energy of pure 
component i, i.e., G? at the pressure and temperature of the system, it is easy to show from Eq. 
(3.2) that 


Hi — Hi ) 
ni IPT njgi 


The partial derivative on the right hand side of Eq. (3.3) is the partial molar Gibbs free energy 
change, denoted by AG; (Young and Lovell, 1990). 

It may be noted that all known thermodynamic relations are also valid for the partial molar 
functions. Thus, the relation G = H — TS in terms of partial molar functions is 


G; = H; - TS; (3.4) 
Therefore, from Eq. (3.3) 
Hi - te = AG; = AH; = TAS; (3.5) 


For ideal solutions that form with a zero heat effect, AH; = 0. Hence for ideal solutions 
ui- = AG; = -TAS; (3.6) 
It will be shown later that ideal entropy of mixing of two components, say, | and 2, is given by 
ASmix = —R(n,Inx, + mlnx) (3.7) 


where n; and x; are, respectively, number of moles and mole fractions of component i. Partial ideal 
entropies of mixing can be obtained by differentiating Eq. (3.7). Thus for component i, in general, 


= O(AS mi 
AS; = BASmix) _ —RInx; (3.8) 
On; 
Substituting in Eq. (3.6), 
Mi — 4 = RT Inx; (3.9) 


Thus, the change in chemical potential of the ith component in an ideal solution depends only on 
the mole fraction of that component in solution. 
In the case of a real solution, 


mi- = RTIČ (3.10) 


i 


where p; and p? are the partial vapor pressures of the ith component above the solution and above 
the pure component, respectively. Since for a thermodynamically stable solution p; < pj, it follows 
from Eq. (3.10) that Au; < O or yj; < pf, i.e., the chemical potential of each component in the 
solution is smaller than that of the pure component. 
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Pi/Pi 


Figure 3.1 Dependence of vapor pressure over 


a polymer solution on mole fraction of compo- 
1 nents. 


= , = 
=] Mole fraction x, -0 


Comparing Eqs. (3.9) and (3.10) we obtain, for an ideal solution, 


Pilpi = Xi (3.11) 


Equation (3.11) was obtained empirically by Raoult and is called Raoult’s law. Hence in ideal 
solutions Raoult’s law holds over the entire range of compositions, this being represented by a 
straight line in the vapor pressure composition curve (Fig. 3.1). In reality, most solutions do 
not obey Eqs. (3.9) and (3.11). Such solutions are called nonideal, or real. Polymer solutions 
characteristically display sharp negative deviations from ideality, as can be seen in Fig. 3.1. 

A method of estimating the deviation of solutions from ideality, suggested by Lewis, consists of 
substituting a certain function called activity for the mole fractions in all thermodynamic equations 
which are not valid for real solutions. Thus, instead of Eqs. (3.9) and (3.11) we may write 


Hi- 4 = Aw; = RT Ina; (3.12) 
and 


Pil, = ai (3.13) 


Theoretical procedures for deriving expressions for AGmix usually start with the construction 
of a model of the mixture. The most popular Flory-Huggins theory, which was developed in 
the early 1940s, is based on the pseudolattice model and many approximations (Flory, 1953). 
Though extremely simple, the theory explains correctly (at least qualitatively) a large number of 
experimental observations, and serves as a basis for other more sophisticated theories. 

Flory-Huggins theory is based on splitting AGmix into an enthalpy term and an entropy term 
according to Eq. (3.14) and evaluating these two terms separately 


AGmix = AHmix — TASmix (3.14) 


The entropy of mixing ASmix is computed from the number of possible arrangements of the 
molecules on a lattice, while the enthalpy of mixing, AHmix, is calculated from the change in 
interaction energies among molecular surfaces during the process of mixing. Before turning to 
Flory-Huggins theory, it is convenient to develop first the theory for mixtures of low molecular 
weight solvents to get a better grasp of the principles involved. 


104 Chapter 3 


ecoeoc eoe olololololololo 
Cle eo OO elo ololololee@ cio 
Oololoe ece ory oeoo 
@ oel obolo o oe oeoo o 
oO® ole el oboo 0 e@@@@@ oo 
eclolololelole ofofe@elojoletelo 
Olole eo obobo 0100080808 @ 0 
oe coec o olololololololo 
(a) (b) 


Figure 3.2 Schematic representation of quasicrystalline lattice model for solutions. (a) Simple solution: 
mixture of molecules of equal size, white circles representing the solvent molecules and filled circles the 
solute molecules. It is assumed that solvent molecules can exchange sites with solute molecules. This re- 
sults in an increase in the number of ways they can be arranged, and hence in an increase in entropy. (b) 
Polymer solution: mixture of solvent molecules (unfilled circles) with a polymer molecule composed of 
chain segments (each segment represented by a filled circle) tied with chemical bonds. It is assumed that 
solvent molecules can exchange sites with polymer chain segments. This results in an increase in entropy. 
(After Flory, 1953.) 


3.2.1 Low-Molecular-Weight Mixtures: van Laar Model 


Let us consider a mixture of two substances A and B satisfying the conditions that (i) molecules 
of A and B are identical in size and shape and (ii) the energies of like (i.e., A-A or B-B) and 
unlike (i.e., A-B) molecular interactions are equal. Such mixtures form ideal solutions. Condition 
(ii) leads to athermal mixing (i.e., AHmix = 0), which also means that there are no changes in 
the rotational, vibrational, and translational entropies and in the entropy of intermolecular inter- 
actions of the components upon mixing. Thus, ASmix depends only upon the configurational (or 
combinatorial) entropy change, ASconf, which is positive because the number of distinguishable 
spatial arrangements of the molecules increases when they are mixed. Hence AGmix of Eq. (3.14) 
is negative and formation of an ideal solution is favorable. 

The methods of statistical mechanics can be used to derive an equation for AScon¢ by assuming 
that the molecules are placed randomly into cells that are of molecular size and are arranged in the 
form of a three-dimensional lattice (represented in two dimensions in Fig. 3.2(a)). The entropy S 
of an assembly of molecules and the total number Q of distinguishable degenerate (i.e., of equal 
energy) arrangements of the molecules are related by the well-known Boltzmann equation: 


S = kinQ (3.15) 


where k is the Boltzmann constant. Since AS pix is equal to ASconf, applying Eq. (3.15) to the 
formation of an ideal solution one obtains 


AScont = klInOmix — (nO, + InQg)] (3.16) 


where Q4, Og, and Omix are, respectively, the total numbers of distinguishable spatial arrange- 
ments of the molecules in the pure substance A, pure substance B, and the ideal mixture. All 
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the molecules of a pure substance being identical, there can be only one distinguishable spatial 
arrangement of them, that is, of placing N indistinguishable molecules in a lattice containing N 
cells. Thus Q4 = 1 and Og = 1 and Eq. (3.16) reduces to 


AScont = kln Omix (3.17) 


The total number of distinguishable spatial arrangements of Na molecules of A and Ng molecules 
of B in a lattice of (N4 + Np) cells is equal to the number of permutations of (Na + Ng) objects 
consisting of N4 identical objects of type A and Ng identical objects of type B, that is, 


_ (Na + Np)! 
Omix = Wale! (3.18) 


Substitution of Eq. (3.18) into Eq. (3.17) gives 


£ (Na + Na)! 

AScont = kin| | (3.19) 

Applying Stirling’s approximation, 
InN! = NInN -N (3.20) 

(for large N), Eq. (3.19) leads to 
+) * (re) 

AS, = —k|Na In| ————] + Ng In| ———— 3.21 
conf | A a(z + Ng B in Na + Ng ( ) 


It is more convenient to deal with equations in terms of numbers of moles, n, and mole frac- 
tions, x. In the present case, these are given by 


na = Na/Nay, ng = Np/Nay, n= na t+ np (3.22) 


xa = na/(na + ng), Xp = ng/(na + np) (3.23) 


where Nay is Avogadro’s number. Thus, Eq. (3.21) takes a simple form 
AScont = —R[nalnx, + nglnxpg] (3.24) 


in which R(= kNa,) is the universal gas constant. (It may be noted that since the configurational 
entropy of unmixed components is zero, AScon¢ 18 in fact equal to Sconf of the mixture.) 

Since for the formation of an ideal solution, ASmix = AScon¢ and AHmix = 0, Eq. (3.14) 
becomes 


AGmix = RT [nalnx, + nglnxp] (3.25) 


Equation (3.25) provides the basis for derivation of standard thermodynamic relationships 
for ideal solutions (e.g., Raoult’s law). To make it more generally applicable, this equation has 
to be modified for nonideality of solutions when mixing is nonathermal (i.e., AHmix # 0) due 
to nonequivalent intermolecular interactions caused by the so-called dispersion forces. The de- 
crease in energy due to interactions is called the interaction energy. This energy is larger for polar 
molecules than for nonpolar molecules. 

In the liquid lattice defined above, each molecule has z contact points, z being the coordination 
number of the lattice. In a mixture of A and B there are three types of contact, namely, A-A, B-B, 
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and A-B with interaction energies w44, wgg, and wap, respectively. (The model implies that all 
contact points of a molecule are equivalent.) The enthalpy of mixing is given by 


AHnix = H — H4 — Hp (3.26) 


where H, H4, and Hg represent the contributions of the contact energy to the enthalpies of the 
mixture, pure component A, and pure component B, respectively. H4 and Hp can be calculated 
(Munk, 1989) from 
Ha = zNawaa/2 (3.27) 
Hg = ZNpwpp/2 (3.28) 


where the factor 2 accounts for the fact that each contact involves two contact points. 
Assuming that the number of heterogeneous contacts is Nap, we can thus write (Munk, 1989) 
for H: 


H = Nagwag + (zNa — Nap)waa/2 + (zNg — Nap)wpp/2 (3.29) 


Substitution of H4, Hg, and H from Eqs. (3.27)-(3.29) into Eq. (3.26) then yields 
AHmix = Naslwap — (waa + Wpp)/2] = NapAwap (3.30) 


where Awagp = wag — (Waa + Wpp)/2, representing the change in energy for the formation of 
an AB contact, is the excess contact energy of an AB contact. 

The number of heterogeneous contacts Nag can be easily estimated. It is equal to the number 
of contact points associated with A molecules multiplied by the probability pg that a neighbor of 
molecule A is molecule B (Munk, 1989), that is, 


Nap = ZNAPB (3.31) 


For simplicity, pg is assumed to be the probability that any molecule (not necessarily a neigh- 
bor of molecule A) in the solution is a molecule B. This latter probability is equal to the mole frac- 
tion of component B in the mixture. Its use is justified only when the arrangement of molecules 
on the lattice is completely random. 

Combining Eqs. (3.30) and (3.31) and replacing pg by the mole fraction xg of component B, 
which is equal to Ng/(N4 + Ng), one obtains 


AHmix = NaxpzAwag (3.32) 
Substitution of N4 from Eq. (3.22) then yields 
AHmix = XpnaNayzAwag (3.33) 
The product NayzAwag has a physical meaning. It represents an enthalpy change for the transfer 
of 1 mol of A (or B) from its pure state to an infinitely dilute solution in B (or A). 


Combining Eqs. (3.14), (3.24), and (3.33), and noting that ASmix = ASconf, one obtains 


AG mix = RT (na lnxa + ng lnxg + naxpNayZAWwap/RT ) (3.34) 
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The last term in this expression is commonly simplified by introducing the interaction para- 
meter Vp, defined (Munk, 1989) as 


XAB = NayzAwap/RT = zAwap/kT (3.35) 


According to the model, yag is thus inversely proportional to temperature, whereas Awaz is as- 
sumed to be independent of temperature. Note that Aw,g, and hence yz, can be either positive or 
negative. 

Combination of Eq. (3.34) with Eq. (3.35) yields 


AGnix = RT (na lnx,4 + nglnxg + NAXBXAB) (3.36) 


Equation (3.36) describes the van Laar model of solvent mixtures and is applicable only to 
mixtures of low-molecular-weight components with approximately the same molar volume. 

The van Laar model fails to give realistic predictions of the thermodynamic properties of poly- 
mer solutions. This arises from the assumption made in this model that the solvent and solute 
molecules are identical in size. Flory (1942) and Huggins (1942) proposed, independently, a mod- 
ified lattice theory that takes into account the large differences in size between solvent and polymer 
molecules, in addition to intermolecular interactions. 


3.2.2 Polymer-Solvent Mixtures: Flory-Huggins Model 


In order to place both the solvent molecules and polymer molecules onto the same pseudolattice, 
it becomes necessary to consider the polymer molecules to be chains of segments, each segment 
being equal in size to a solvent molecule. The number, o, of these segments in the chain defines 
the size of a polymer molecule and is given by the ratio of molar volumes V2/V, (from now on we 
will assign the subscript 1 to the solvent and 2 to the polymer solute). Hence o is not necessarily 
equal to the degree of polymerization. The model assumes that each lattice cell is occupied by 
either a solvent molecule or a chain segment, and each polymer molecule is placed in the lattice 
so that its chain segments occupy a continuous sequence of o cells (as indicated in Fig. 3.2(b)). 


Problem 3.1 Calculate, in terms of the lattice model of the Flory-Huggins theory, the number of segments 
per polystyrene molecule of molecular weight 290,000 dissolved in (a) toluene and (b) methyl ethyl ketone 
(MEK) at 25°C. [Data: polymer density = 1.083 g/cm? in toluene and 1.091 g/cm? in MEK, calculated on 
the assumption of additivity of volumes; toluene density = 0.861 g/cm? ; MEK density = 0.799 g/icm?, all 
at 25°C.] 


Answer: 


(a) Polystyrene/toluene : 


M 2.90 x 105 1! 
22 o ee ees DBT A cmo mol! 
p2 1.083 g cm3 


(92 g mol™!)/(0.861 gem™*) = 106.852 cm? mol”! 
Vz (2.678 x 10° cm? mol7!) 


o = = =] = 2506 
vi (106.852 cm? mol7') 


Vy 


Vi 
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(b) Polystyrene/MEK : 
2.90 x 10° 17! 
Vk EOXI gmo a ee c mol 
(1.091 g cm~’) 
72 14 
v, = emol ) L 90.11 cm? le! 


(0.799 g cm™3) 
(2.658 x 10° cm? mol!) 


e= ——— no = 2950 
(90.11 cm? mol7!) 


In comparison, the degree of polymerization of the polymer = (2.90x10° g mol7!)/(104 g mol7!) = 2788. 


In the first stage, the Flory-Huggins theory derives an expression for ASmix when AH mix = 0. 
This involves the application of Eq. (3.16), but this time with Q2 > 1 because each molecule can 
adopt many different conformations (i.e., distinguishable spatial arrangements of the sequence of 
segments). Hence for polymer solutions (considering the configurational entropy change ASconr to 
be the only source of AS pix) one can write : 


ASmix = kIn(Q42/Q2) (3.37) 


The evaluation of Q12, Q2, and ASmix of Eq. (3.37) is rather complex. The calculations, consid- 
ered in outline below, are based on the formation of a polymer solution by mixing M2 polymer 
molecules, each comprising o segments in the chain, with N; solvent molecules in a lattice con- 
taining Nj + oN (= N) cells. The polymer molecules are added to the lattice one-by-one before 
adding the solvent molecules. 

When adding a polymer molecule it is assumed, using a mean field approximation, that the 
segments of the previously added polymer molecule are distributed uniformly in the lattice. The 
N, solvent molecules are added to the lattice after the addition of Nz polymer molecules. However, 
since the solvent molecules are identical, there is only one distinguishable spatial arrangement of 
them obtained by placing one solvent molecule in each of the remaining empty cells. Considering 
further the fact that the Nz polymer molecules are identical, the total number of distinguishable 
spatial arrangements of the mixture is given by 


Oy. = A/M) TM, u (3.38) 


where u; is the total number of possible conformations of the polymer molecule i and [I is the 
symbol for a continuous product, which in this case is u1 X u2 Xu3 X U4 X- Xuy,. The expression 
for Q12 given in a useful form by Flory is 


Op = [e-e] ("| (S 5) ] (3.39) 


The product of the quantities in the first two pair of square brackets of Eq. (3.39) represents Q2 
and so Eq. (3.37) takes the form 


ASmix = kin (2) (Sy) (3.40) 
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After simplification, Eq. (3.40) can be written as 
ASmix = —k[Ni Ing, + N2In¢z2] (3.41) 


where ġı and ¢2 are the volume fractions of solvent and polymer given by the fractions of the total 
number of lattice points occupied by solvent molecules and polymer segments, respectively: 


od) = Nı (Ni +0oN2) and ¢ġ2 = 0No/(Ni +0M2) (3.42) 
In terms of number of moles, Eq. (3.41) becomes 
ASmix = —R[ni Ing, + mln g2] (3.43) 


This expression for polymer solutions is seen to be very similar to the corresponding expression 
for ideal mixing of small molecules, i.e., Eq. (3.24). The only difference is that in place of the 
mole fractions in Eq. (3.24) we now use the corresponding volume fractions. It should be noted 
that Eq. (3.43) reduces to Eq. (3.24) when o = 1. 


Problem 3.2 Using the entropy change equation of the lattice model, calculate the change in entropy when 
equal amounts (100 g) of two components are mixed for each of the following systems: (a) toluene and 
methyl ethyl ketone (MEK); (b) toluene and polystyrene of molecular weight 1.2x10°; and (c) polystyrene 
and poly(methyl methacrylate) each of molecular weight 10,000. Take the density of each component as 1.0 
g/cm? . Comment on the comparative entropy changes of mixing for the three systems. 


Answer: 
(a) To use Eq. (3.24) let A and B represent toluene and MEK, respectively. 


Molar masses of A and B: M4 (C7Hg)=92 g mol-!; Mpg (C4HgO) = 72 g mol”! 


100 
=1.087mol, ng = L2 


100 
Moles of A and B: na = ( 8) = — 
(72 g mol` ) 


= —— = 1.389 mol 
(92 g mol") 


Mole fractions of A and B: x4 = 1.087/(1.087 + 1.389) = 0.439, xg = 1 -0.439 = 0.561 


ASmix = — (8.314 J mol`! K~!)[(1.087 mol) In 0.439 + (1.389 mol) In 0.561] 
= 14.11 J K7! 


(b) Eq. (3.43) is used for calculating ASmix of polymer solution. 
ny =n, = 1.087 mol; m = (100 g)/(1.2x10° g mol!) = 8.33x1074 mol 


The polymer consists of o segments, each of which can displace a single solvent molecule from a lattice site. 
Thus, 7 = M/(p2V)), where M3 is the molecular weight of the polymer that would have density p2 in the 
corresponding amorphous state at the solution temperature and V? is the molar volume of the solvent. 


Using appropriate data the calculated values are 
(1.2 10° g mol7!) 
(92 g mol7!) 
(1.0 g cm~?) 


= = 1.30x10° 
(1.0g en-| 


ye (1.087 mol) 
' [0.087 mol) + 1.30 103 (8.33 x 10-4 mol)] 
dé. = 1.0-0.50 = 0.50 


= 0.50 


ASmix = —(8.314J mol@! °K!) [(1.087 mol) In 0.50 + (8.331074 mol) In 0.50] 
= 6.273 K"! 
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(c) Eq. (3.43) applies also if two polymers are being mixed. In this case, the number of segments œ; in the 
ith component of the mixture is calculated from oj; = Mj/p;V;, where V, is now a reference volume equal to 
the molar volume of the smallest polymer repeating unit in the mixture. The corresponding volume fraction 
is $j = njoi/ X nii. 


For the given problem, ny = m = (100 g)/(10000 g mol!) = 0.01 mol. The molar volume of methyl 
methacrylate repeating unit ( = CsHgOz) is taken as the reference volume (V,). Thus, 


_ McsHg0, _ 100g mol! 


V, = = = 100 cm? mol! 
Í Density 1.0 g cm~? ae A 
10000 E 
i= gj ( Emol) = 100 
(1.0 g cm~3)(100 cm3 mol~!) 
0.01 x 100 
ree x 0.5, ¢ = 0.5 


0.01 x100 +0.01x100 — 


ASmix = — (8.314 J mol™! °K~!)[(0.01 mol)ln0.5 + (0.01 mol) 1n0.5] 
= 0.12 J °K"! 


Comment: The entropy of mixing of polymers with solvent is small compared to that of micromolecules 
because there are fewer possible arrangements of solvent molecules and polymer segments than there would 
be if the segments were not connected to each other. The entropy gain per unit of mixture is further reduced 
drastically if two polymers are mixed than if one of the components is a low-molecular-weight solvent, 
because both nı and m are very small in the former case. 


Having obtained an expression for ASmix, the second stage in the development of Flory- 
Huggins theory is to derive an expression for the enthalpy change, AHmix, for the polymer so- 
lution. This follows almost exactly the outline depicted for low-molecular-weight mixtures in Eqs. 
(3.26)-(3.33). The only difference now is in probability p2 [i.e., pg in Eq. (3.31)] that a given 
lattice point is occupied by a polymer segment. In this case, the probability must be approximated 
by the volume fraction ¢2, instead of mole fraction n2. Thus, for a polymer solution the expression 
for AHmix reads [cf. Eqs. (3.33) and (3.35)] 


AA mix = 11¢2NayzZAe12 = RTn1 62% 12 (3.44) 


where y12 is the Flory-Huggins interaction parameter defined by Eq. (3.35). The interaction 
parameter y plays a very important role in the theory of polymer solutions. It follows from Eq. 
(3.44) that %12 is a dimensionless parameter equal to the ratio of the energy of interaction of 
the polymer with the solvent molecules to the kinetic energy RT, which should not depend on 
the concentration of a solution. However, a more rigorous derivation reveals that 12 should be 
concentration dependent. This dependence is a slowly varying function and the absolute value of 
X12 increases with increasing ¢2. 

A combination of the entropy term of Eq. (3.43) and the enthalpy term of Eq. (3.44) according 
to Eq. (3.14) gives the following expression for AGmix : 


AGmix = RT (nj Ing, + mln + 11462¥12) (3.45) 


This remarkably simple expression is the famous Flory-Huggins equation for the Gibbs free energy 
of mixing. It has remained as the cornerstone of polymer thermodynamics for more than six 


Polymers in Solution 111 


decades. Using Flory-Huggins theory it is possible to account for the equilibrium thermodynamic 
properties of polymer solutions. However, the theory is only able to predict general trends and 
fails to achieve precise agreement with experimental data. 

In dilute polymer solutions, the polymer molecules are isolated from each other by regions of 
pure solvent, i.e., the polymer segments are not uniformly distributed in the lattice. In view of 
this, the Flory-Huggins theory is least satisfactory for dilute polymer solutions and only applies to 
concentrated solutions or mixtures. Furthermore, the interaction parameter introduced to account 
for the effects of polymer-solvent contact interactions is not a simple parameter and should contain 
both enthalpy and entropy contributions. Additionally, as noted earlier, it has also been shown to 
be dependent on the solution concentration. 


3.2.2.1 Flory-Huggins Expressions for Thermodynamic Functions 


Once the analytical expression for AG pix is known, the calculation of chemical potentials and other 
thermodynamic functions (activities, activity coefficients, virial coefficients, etc.) is straightfor- 
ward. For polymer solutions, we must apply Eq. (3.3) to Flory-Huggins equation (3.45), keeping 
in mind that volume fractions ¢; are functions of the number of moles, as given by 


ġı = n/n + om) (3.46) 
$2 = m/n + om) (3.47) 


[These relations result from Eqs. (3.42) by dividing numerator and denominator by the Avogadro 
number Nay.] Thus partial differentiation of Eq. (3.45) with respect to nı (note that both ¢; and 
¢2 are functions of nı) leads to the following relation for the solvent (see Problem 3.3): 


= 1 
m- = BG, = RT [Indy + (1 -= 4 + xg] (3.48) 


and partial differentiation of Eq. (3.45) with respect to n2 similarly leads to the following relation 
for the polymer 


fo - = AG = RT [ing + (1-6, + oy’ o] (3.49) 

where 
X = X12 — $1(0x12/0¢2)pr (3.50) 
X’ = X12 + $2(0x12/0¢2)pr (3.51) 


Problem 3.3 Starting from Flory-Huggins equation (3.45) show that for the formation of a solution from 
a monodisperse polymer the partial molar Gibbs free energy of mixing, AG}, for the solvent is given by Eq. 
(3.48). 


Answer: 
The Flory-Huggins equation (3.45) is 
AGmix = RT [nj Ing) + mlngz + 11 ¢2%12] 


Aan 
ony lpr 
Since dj = m /(n) + om) and gd = noo /(ny + om), then 


and from Eq. (3.1): AG, = | 
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AG, = RT {tm Inn; — ny In(n, + om )] 
on, 


+ cae Inon — ng In(n, + On2)] 
on, 


4 0 | r on |} 
12/1 
ony £ (mı + o72)1) PT,m 


Aij In(m + om) m 
=a = — nn, — In(n om) — ——————- 
RT ny l ; 3 (ny + om) 
n =n 1 
+0- 2 + mya L zF | 
ny + om (ny + om) (ny + om) 


onm  adyi2 doz 


(nı + on) dg. dn 


Simplifying and substituting for d¢2/dnj, 


AG, ane (ny + m) 2 |= +n + | 
— = ng, — ————— +on — 
RT : (ny + on) male (ny + om)? 
onm = ayi12 -0m 
(nı + 0m) doy (m + ony)? 
AG, ny + om -m 2 (22) 
ie eee | eps Seay = Ave 
RT ng, + Gee) + x123 — $163 ab 
AG, om | 1 | 
E | eed | eee 
RT ne (ny + on) o 
0x12 \] ,2 
a al ba Sa a (22) p 
be doy J|"? 
= on 1 3] 
AG, = RTI + ———— |1- —] + 
l | ngi (ny + om) ( o xo, 


where y = [x2 - ¢1(Ax12/0¢2)| 


In the simplest form of the Flory-Huggins theory, the parameter 712 is independent of concen- 
tration, and does not depend on ¢; and ¢2. Consequently, the functions v12, X, and y ’ are equal 
and they are usually represented by the same symbol y. Further, replacing the factor o by 


ao = W/V, (3.52) 


where V and V2 are the molar volumes of solvent and solute (polymer), respectively, Eqs. (3.48) 
and (3.49) are rewritten as 


m -i4 = RT|mg + (1 - 2) b> + x| (3.53) 


m = pb RT |Inds + (1 = 2a + aka (3.54) 


These equations can be combined with Eq. (3.12) to obtain expressions for the corresponding 
activities of the components. For example, the activity of the solvent is given by 


9 V 
nay = #— -= h(l- ey + (1 = vate + xoz (3.55) 
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It can be shown that in the limit of extremely small volume fractions, the right-hand side of 
Eq. (3.55) is equal to In xı and Eq. (3.55) thus reduces to the equation valid for ideal solutions 
with activities a; equal to mole fractions x;. 


3.2.2.2 Colligative Properties and Interaction Parameter x 


Thermodynamic equations relating 4; and a, to various colligative properties are found in any 
textbook on thermodynamics. The following relationships are obtained on using the expression 
for M1: 


l pı fa — BY 


"Dp = RT = Ina, (3.56) 
AH) AT, —(u1 — Hi) 

plo 2 w- 2 9) 3.57 
RTP RT? Fa (o 
AH; AT, - p 
ea aes Beige sc ek cl Wage A (3.58) 
RTH? RT; 

IV: —(u — HY) 

LL ie ec ee 3.5 

RT RT a 27) 


In these equations, AHy and AH, are the latent heats of freezing and vaporization; Tp and Ty are 
the boiling and freezing points of the solution; T, and T? are the boiling and freezing points of 
the pure solvent; AT, (= T, -—TŅ) is the elevation in the boiling point, AT, (= Tf- TP) is the 
depression in the freezing point; pı is the vapor pressure at temperature T of the solution and p} 
the vapor pressure over pure solvent at the same temperature; II is the osmotic pressure of the 
solution. 

Combining Eqs. (3.56)-(3.59) with Eq. (3.55) all the above colligative properties can be related 
to the interaction parameter y. For the vapor pressure, for example, 


in = Ind - 2) + (1 2 vate +103 (3.60) 
Pi V2 

The interaction parameter can thus be determined from experimental measurement of colligative 
properties. 

The parameter y provides a measure of thermodynamic affinity of a solvent for the polymer, 
or a measure of the quality of the solvent. The smaller the x, the better is the solvent thermody- 
namically. For very poor solvents, 7 may be higher than unity, and for very good ones, y may be 
negative. Based on y values, solvents may be classified as: ideal solvents (y = $); good solvents 
x< 5); and poor solvent (y > 5): 


Relative Vapor Pressure and y Equation (3.60), in which p,/p‘ is the relative vapor pressure of 
solvent over solution, can be used for the determination of y. For a polymer of very high molecular 
weight, V;/V2 is small and may be neglected. Then Eq. (3.60) becomes simpler : 


In(pi/p}) = m - ¢2) + p2 + xo (3.61) 


Measuring the value of p;/p{ over a wide range of concentrations and plotting [In(p1/p}) —In(1 — 
$2) — 62] against 6, we get a straight line the slope of which is equal to y. 
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0.6 


0.1 a I Toluene 


: 4 
0 0.2 0.4 0.6 0.8 Figure 3.3 Plot of Eq. (3.61) with data of 
p Problem 3.4. 
2 


Problem 3.4 Measurements were made of the vapor pressure of polystyrene (mol. wt. 290,000) solutions 
in toluene and methyl ethyl ketone (MEK) (Bawn et al., 1950). The table below shows the ratios of the 
vapor pressure of the solvent over the solution, pı, to the vapor pressure of the pure solvent, p?, against the 
corresponding weight fraction w; of the solvent at 25°C. 


Toluene Methylethyl ketone 


wi Pil Pi 
0.156 0.610 
0.236 0.726 
0.304 0.824 
0.380 0.833 
0.476 0.920 
0.599 0.968 
0.744 0.990 


Data of Bawn et al., 1950. 


For the calculation of volume fractions of the polymer, its density was determined in each solvent at 25°C 
by measuring the densities of solutions of known concentrations and assuming additivity of volumes. The 
determinations gave a polymer density of 1.083 g/cm? in toluene and 1.091 g/cm? in MEK. Densities of 
toluene and MEK at 25°C are 0.8610 and 0.7996 g/cm? , respectively. 


Determine the parameter y for polystyrene in the two solvents. 


Answer: 


Definitions: w1, w2 = weights of solvent and polymer, respectively; Mo, M1, M2 = molecular weight of the 
repeating unit (mer) in the polymer, of the solvent, and of the polymer, respectively; 1, p2 = densities of 
solvent and polymer, respectively; o = number of segments in the polymer chain in solution; X = degree 
of polymerization of polymer, i.e., M2/Mo. 


In the lattice theory, the volumes of polymer segments and solvent molecules are assumed to be of equal 
size, i.e., (M2/p2)/0 = Mı/pı. Substituting Mz =XMpo and rearranging, we get X/o = (02M1)/(p1 Mo). 
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The ratio X/o can thus be evaluated from the measured densities: In toluene, X/o = (1.083x92)/(0.861 
x104) = 1.11. In MEK, X/o = (1.091x72)/(0.7996x104) = 0.94. It may thus be concluded that the size of 
the polymer segment is very close to that of the repeat unit of the polymer. The number of segments in the 
polymer may thus be equated to the number of repeat units in the present case. Then from Eq. (3.47): 


(w2/Mo) 
(w1/M,) + (w2/Mo) 
f= 
(Mo/Mı)wı + w2 


hQ = 


Values of [In(p1/ pi) — ln(1 — ¢2) — ¢2] are thus calculated and plotted against p according to Eq. (3.61) 
in Fig. 3.3. From the slopes, y is found to be 0.45 for polystyrene-toluene and 0.70 for polystyrene-MEK. 
Thus, toluene is a good solvent and MEK is a poor solvent for polystyrene. 


Osmotic Pressure and y A relationship between the osmotic pressure II of a solution and the 
activity (aı) of the solvent in it can be derived (Glasstone, 1947) as 


OV, = -RT lna; (3.62) 


where V; is the molar volume of the solvent in the solution. 
Combining Eq. (3.62) and Eq. (3.55) we obtain (note that the partial molar volume V, of a 
pure solvent is the same as the molar volume V1) : 


RT 
H = —~—Inay = -— 


RT. Vy RT > 
Ind) - —(1- +) - — 3.63 
V; Vi ngi ví v” A xp (3.63) 


Assuming, as in the lattice model, that there is no change in volume on mixing, volume fraction ¢; 
and concentration c; are related as 


i = cildi (3.64) 


where dj is the density of component i. Similarly, molar volume V; is related to molecular weight 
M; by 


Vi = Mild; (3.65) 
Now developing In ¢, into a Taylor series 
2 3 
ngi = Ingo) =~ - 2-2... 


and employing Eqs. (3.64) and (3.65), we can transform Eq. (3.63) into 


O = RTdich RT “ RTdi 1 ) RE st (3.66) 
= — = C E R, C $ 
© 3MB Mm Mae? ©? ~ m A 


where Az is the second virial coefficient (see later) represented by 


A = hey (3.67) 
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At low concentrations, the second term of LHS of Eq. (3.66) is small and may be neglected. 
The graphical representation of the resulting equation, plotted as II/c2 vs. c2, is a straight line (see 
Membrane Osmometry in Chapter 4), the slope of which is RTA2. Hence it is possible to determine 
Az and from it the value of y using Eq. (3.67). 


Problem 3.5 The osmotic pressure data for polystyrene of molecular weight 1.6x10° yielded, accord- 
ing to Eq. (3.67), the following values for the second virial coefficient: (a) 2.88x1074 mol cm? g7? in 
dichloroethane and (b) —0.37x10-* mol cm? g7? in cyclohexane, both at 22°C. Determine y for the 
polymer-solvent systems. Which is a better solvent ? 


[Data: density of polystyrene = 1.05 g em”; density of dichloroethane = 1.24 g em”; density of cyclohex- 
ane = 0.77 gcm™> |] 


Answer: 


1 AM ds 
From Eq. (3.67): Xx = 3- F 
1 


Polystyrene-dichloroethane system : 


Molar mass of C2H4Clh : Mı = 2x12 + 4x1 + 2x35.5 = 99 g/mol 


E 1 (2.88 x 1074 mol cm? g7?) (99 g mol~!) (1.05 g cm~3)* ie 
2 (1.24 g cm~?) 


Polystyrene-cyclohexane system : 


Molar mass of CeHj2: Mı = 6x12 + 12x1 = 84 g/mol 


1 (-0.37x 1074 mol cm? g7?) (84 g mol!) (1.05 g cm~3)2 
x= >=- = = 0.504 
2 0.77 g cm~ 


Thermodynamically, dichloroethane is thus a better solvent than cyclohexane for dissolving polystyrene. 


Problem 3.6 | When analyzing the thermodynamic properties of polymer solutions, it is sufficient to con- 
sider either the solvent or the solute, and for reasons of simplicity the former is normally considered. More- 
over, for many physicochemical calculations, especially when dealing with dilute solutions, it is convenient 
to express the solvent activity as a power series in terms of polymer concentrations cz in mass/volume units. 
Therefore, starting with Eq. (3.12), express the difference in chemical potential of the solvent in the solution 
and in the pure state, i.e., (41 — 4{ ), in terms of the mass concentrations of the solute in dilute solutions. 


Answer: 
With the solvent labeled as component 1 and solute as component 2, Eq. (3.12) gives for a bicomponent 


solution : 


Hy — MS = RT Ina; = RTInyyx, = RT (lny; + lnx) (P3.6.1) 


where yı is the activity coefficient and x; is the mole fraction of the solvent in the solution. (For the pure 
solvent, yı = 1.) 


If the solute in solution is neither associated nor dissociated, then x; = 1 — x2, where x2 is the solute mole 
fraction. For dilute micromolecular solutions it is generally a good approximation to take yı = 1 and Iny; = 
0, that is, we assume an ideally dilute solution. Equation (P3.6.1) is accordingly approximated by 


M1 - HY = RT In(l -—x2) ~ RT (-x2 - x3/2 =.) (P3.6.2) 
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In dilute solution, the total number of moles of solute and solvent in unit volume will approach C4, the 
molar concentration of solvent. Then the mole fraction x2 of solute can be expressed as x2 = C2/(C1 + C2) = 
C2/C1, where C3 is the molar concentration of solute. If the mass/volume concentration of solute is cz and 
M; is the molecular weight of solute, then c2 = CM2 and x2 = c2/CıM2. If the molar volume of solvent 
is Vj, with the same volume unit as is used to express the concentration cı and C4 (e.g., liters), then for dilute 
solution C} = 1/V; and x2 = c2Vı/M2. Substituting all these in Eq. (P3.7.2) gives the following relation 
for the difference in chemical potential of the solvent in the solution and in the pure state : 


V v2 
Mi - HY = -ern 2 «( jaf l jat 


— 7 P3.6.3 
M  \2M5 3M3 i 


3.2.2.3 Virial Coefficients 


Equation (P3.6.3) shows the difference in chemical potential of the solvent in the solution and 
in the pure state to be a power series in solute concentration. Such equations are called virial 
equations (Rudin, 1982). 

Equation (P3.6.3) is the key to the application of colligative properties to polymer molecular 
weights. Thus, insertion of experimental values of cz, V;, and (u1 — 44) into Eq. (P3.6.3) would 
provide a measure of the solute molecular weight Mz and we have seen in the preceding section 
how the colligative properties are related to (u — 44), as in Eqs. (3.56) - (3.59). 

Equation (P3.6.3) derived above for ideal solutions is invalid for real solutions and polymer 
solutions are rarely ideal even at the highest dilution that can be used in practice. It is, however, 
useful to retain the form of the ideal equation and express the deviation of real solutions in terms 
of empirical parameters. Thus, for a real solution Eq. (P3.6.3) is expressed in a parallel form as 


m- = -RT vlg + Agch + Agcy + | (3.68) 


where A> and A3 are the second and third virial coefficients. 
In a bicomponent solution the subscript 2, referring to solute, is often deleted. Equation (3.68) 
may thus be written as (Rudin, 1982) 


m- = -RT n| +A? + Ase? + ---| (3.69) 


To obtain virial expressions for colligative properties, Eq. (3.69) may be combined with re- 
spective Eqs. (3.56)-(3.59). If, for example, osmotic data are used, Eq. (3.69) is combined with 
Eq. (3.59) to write the virial equation as 


n 1 
— = RT| = + Aoc + A3c? + | (3.70) 
c M 


There is, however, no uniformity in the exact form of the virial equations used in polymer 
science. Alternatives to Eq. (3.70) include (Rudin, 1982): 


— = (Fh +e + T3c? +--+] (3.71) 
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and 
I RT 
— = Le Bea Cea es (3.72) 
c M 

The three forms are seen to be equivalent if 


B = RTA = (RT/M)I> (3.73) 


Virial coefficients are often reported in the literature without specifying the equation to which 
they apply. However, this can be deduced by inspecting the units of the virial coefficient. 


Virial Coefficient and y In the lattice model for polymer solutions it is assumed that there is no 
change in volume on mixing. Volume fractions ¢; and concentrations c; are related as 


Qi = CiŪi (3.74) 


where the v;’s are specific volumes. Developing In(1 — ¢2) into a Taylor series and employing 
Eq. (3.74), we can transform (Munk, 1989) Eq. (3.55) into 


Au $3  o Vi 2 
l ig E — Eea a e eae a |} Ss 
na] RT | 2-5-3 ( vale + xh 
Vi cus 
= -fev + 3035 -y+ cae + | (3.75) 


Noting that Vz = v2M2, we can modify (Munk, 1989) this relation further as 


ANTE c2V eo 
Ina, = RT = -g4 + G - yoz + Ea Paih 
= -v| +A +A + z (3.76) 
M2 
or 
1 
Au = —eaViRT | = + Aoco + Agcy + | (3.77) 
2 


where the second virial coefficient Az given by 
A2 = (5 -y)03/1 (3.78) 


and the third virial coefficient A3 are defined as coefficients of the power series in Eq. (3.76). This 
equation gives the virial expansion of the activity and relative chemical potential of the solvent in 
a polymer solution. 

Equation (3.78) shows that A2 = 0 when the interaction parameter y = 5. When A2 happens 
to be zero and so also A3, Eq. (3.77) simplifies greatly and many thermodynamic measurements 
become much easier to interpret. We should also recall that y, according to its definition given by 
Eq. (3.35), is inversely proportional to temperature T. Since y is positive for most polymer-solvent 
systems, it should acquire the value 5 at some specific temperature. 
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3.2.2.4 Modification of Flory-Huggins Theory 


It will be recalled that the term 5 appearing in G —y), which is the key factor for the calculation 
of Az from Eq. (3.78), originated from the Taylor expansion of In(1 — #2) and so could be traced 
back to the entropy of mixing, while the y term was of enthalpic origin. Since in real systems, 
molecular contacts may change the contribution of individual molecules to entropy, y should also 
have an entropic component. Similarly, in arriving at the entropy term that led to the value $, 
possible contributions from changes in the volume in mixing and from contact interactions were 
neglected and only the configurational entropy of the lattice model was included. A modification 
of the theory therefore abandons the particular values 5 and y for the two terms and adopts more 
general unspecified values, namely, w for the entropic term and x for the enthalpic term (Flory, 
1953). Considering that the enthalpic term must be inversely proportional to temperature, x is 
replaced by w6/T, where @ is a new parameter with the dimension of temperature. The factor 
G —y) is thus replaced by (W — x), that is, 


37X = W-k = Wl-OT) (3.79) 


In terms of the new symbols, the second virial coefficient is then given by the expression [cf. Eq. 


(3.78)]: p 
A = y(1 - 6/T)v3/V (3.80) 


Thus, at a special temperature T = 6, Az becomes equal to zero and the solution therefore becomes 
pseudoideal. Such solutions are also called theta solutions. The second virial coefficient is positive 
at temperatures higher than 0 and negative at lower temperatures. 

Essentially in the above modification, one interaction parameter y has been replaced with two 
new parameters w and 0, thus adding flexibility to the treatment. In doing so, a phenomenological 
approach of modeling has been adopted in place of the pseudolattice model we started with. 


Problem 3.7 | Osmotic measurements on a high-molecular-weight polystyrene sample in cyclohexane at 
various temperatures yielded the following values for the second virial coefficient (A2) : 


Temperature, °C A2 X 10", cm” mol g7 
25 — 0.334 
30 — 0.146 
35 0.036 
40 0.212 


Determine for the polymer-solvent system, (a) the temperature at which theta conditions are attained, (b) the 
entropy of dilution parameter y, and (c) the heat of dilution parameter x at 27°C. [Specific volume of polymer 
= 0.96 cm3/g; molar volume of cyclohexane at 27°C = 108.7 cm3/mol.] 


Answer: 


According to Eq. (3.80), the plot of A2 vs. 1/T should be linear over a narrow temperature range and A2 
should be zero at T = 6. The plot shown in Fig. 3.4 thus gives 0 = 34°C. 


From Eq. (3.80), y = (AoVj)/[o3(1 - O/T )|. AtT = 27°C = 300°K, Ap (from Fig. 3.4) = 
—0.26x10~+ cm? mol g~?. Therefore, 
ee (—0.26 x 1074 cm? mol g7?) (108.7 cm? mol!) EA 


(307°K) 
3 g-1)2 a ete 
(0.96 cm? g~*) | (300°K) 


o WO — (0.13)GO7°K) _ 
WE ee aga A 
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3.1 3.3 3.5 Figure 3.4 Plot of second virial coefficient vs. 
1 30 1 temperature (data of Problem 3.7). 
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Significance of Y and x The values of y, x, and 6 for several polymer-solvent systems are given 
in Table 3.1. The parameter y, which is a measure of the entropy of mixing, appears to be re- 
lated to the spatial or geometrical character of the solvent. For those solvents which have cyclic 
structures and are relatively compact and symmetrical (e.g., benzene, toluene, and cyclohexane), 
w has relatively higher values than for the less symmetrical acyclic solvents capable of assuming 
a number of different configurations. Cyclic solvents are thus more favorable from the standpoint 
of entropy than acyclic ones. A solvent for which the entropy of mixing of a given polymer (as 
measured by y) is high may be considered as a “geometrically good” solvent for the polymer. 
In such a solvent, the viscosity of the polymer solution will be relatively high, or will approach a 
relatively high value at higher temperatures. In a “geometrically poor” solvent (where w is small), 
on the other hand, the viscosity will be relatively low (Flory, 1953). 

A solvent for which the heat of mixing (as measured by x) is low is a “thermally good” solvent, 
while a solvent with relatively large «x is a “thermally poor” solvent. In an athermal solvent (K = 
0), the volume expansion of the polymer molecule will be independent of temperature, while in a 
thermally poor solvent it will increase with temperature. The change of viscosity with temperature 
will thus be low in a solvent with low «x and relatively high in a solvent with relatively large x. 


Table 3.1 Thermodynamic Parameters for Some Polymer-Solvent Systems 


Polymer Solvent 8 in °K y K at 25°C 

Polyisobutylene Benzene 297 0.15 0.15 
Toluene 261 0.14 0.12 
Ethylbenzene 251 0.14 0.117 
Cyclohexane 126 0.14 0.059 
n-Heptane 0 0.035 0 

Polystyrene Cyclohexane 307 0.13 0.134 
Benzene 100 0.09 0.03 
Toluene 160 0.11 0.06 
Ethyl acetate 222 0.03 0.02 
Methyl ethyl ketone 0 0.006 0 


Data from Fox and Flory, 1951. 


Methods to Determine Theta Solvents Solvents in which, at a given temperature, a polymer 
molecule is in the so-called theta-state, are called theta (@) solvents. The temperature is known as 
the theta-temperature or the Flory temperature (as P. J. Flory was the first to show the importance 
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domains 
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Figure 3.5 Schematic illustration of (a) dilute and (b) concentrated polymer solutions. 


of the theta-state for a better understanding of molecular and technological properties of polymers). 
In the theta-state, the polymer solution behaves as thermodynamically ideal at low concentrations. 

Several methods can be used to determine theta solvents. These include phase equilibria stud- 
ies (see Phase Equilibria in Poor Solvents), determination of second virial coefficient (see Problem 
3.7), viscosity-molecular weight relationship, and cloud point titration. 


3.2.2.5 Flory-Krigbaum Theory 


A deficiency of the Flory-Huggins theory is its use of a mean-field approximation by which 
it is assumed that the segments of polymer molecules are distributed uniformly in the lattice. 
This assumption is valid only at relatively high concentrations of the polymer, since the polymer 
molecules then interpenetrate each other and the solution thus appears quite homogeneous on a 
macroscopic scale. At very low concentrations, the molecules lie in regions as far separated from 
each other as possible, thus making the solution inhomogeneous as illustrated in Fig. 3.5. Then the 
mean-field approximation is invalid. However, in such solutions, the density of segments within 
an elemental volume in the polymer domain can still be assumed to be constant, and the results 
of the Flory-Huggins theory applied to it. Flory and Krigbaum (1953) analyzed dilute solutions in 
this manner and found that this leads, on proper integration, to the equation: 


2 
m-i = RT |-Ë +- prog + (3.81) 
where 2 
F(X) = 1- 2% 4 *_ (3.82) 
w= 2123/2 * 3133/2 

mi 
X = acy v(1 - z) = (3.83) 

T) a 


Cm is a parameter depending on the properties of the polymer-solvent system and a, is an expan- 
sion parameter. Both the terms are defined in later sections. At T = 6, X becomes zero, F(X) 
becomes equal to 1, and the Flory-Krigbaum theory reduces to the Flory-Huggins theory. 


Problem 3.8 For polystyrene of molecular weight 100,000, calculate approximately the solution concen- 
tration below which the Flory-Krigbaum theory should be used. Use the following relationship between the 
RMS radius of gyration (S?)!/? and the polymer molecular weight M : (S2)! ~ 2x10-9VM cm. 
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Answer: 

The radius of a sphere enclosing the segments of a polymer molecule is taken approximately as twice the 
value of (82) 1/2, that is, R =4x 10-°V~M cm. The volume, V, of the solution containing n polymer 
molecules is given by: V ~ n(4/3)aR? cm?. In terms of the weight, w, of the polymer, n may be written as : 
n = (w/M) Nay molecules cm7. So, 


w 4 
V x (E)n (=) ar = 0.16wV¥M cm? 


The concentration at the point of overlap is, therefore, 
Coverlap = W/V = (0.16¥M)"! = (.16V105)"! = 0.02 gcm? 


For polystyrene of molecular weight 10° the overlap therefore occurs above about 2% concentration. Below 
this concentration, one should thus use the Flory-Krigbaum theory. 


3.2.2.6 Excluded Volume Theory 


As noted above, the basis of derivation of the Flory-Huggins equation is satisfactory at higher 
concentrations of the polymer, but is invalid for dilute solutions, in which the domains inhabited 
by the individual polymer molecules are far apart. Yet in deriving the chemical potentials and 
their virial expansion in the preceding sections, this forbidden assumption of low concentration of 
the polymer was employed. The derivation therefore had to lead to discrepancies. For example, 
according to Eq. (3.78), the second virial coefficient Az should be independent of molecular weight 
of the polymer, but the results of experiments show that it decreases significantly with increasing 
molecular weight. To deal with the problem, a different approach is required and the concept of 
excluded volume assumes importance. 

The excluded volume of a solute molecule is the volume that is not available (because of 
exclusion forces or for other reasons) to the centers of mass of other similar solute molecules. 
This steric interference influences entropy but not enthalpy (Smith, 1963). 

The entropy of mixing is based on the concept that the contribution of a solute molecule to 
entropy depends on the number of ways in which the molecule can be placed as it is added into 
the solution. Evidently, the latter quantity is proportional to the total volume of the system minus 
the excluded volume of solute molecules already added to the solution. A derivation based on this 
consideration gives (Smith, 1963): 


1 
Mi - My = -Rre [ + (3.84) 


My 2M2 
where u is the excluded volume of each solute molecule, Nay is Avogadro’s number, and other 
terms are as defined earlier. 

Comparison of Eqs. (3.77) and (3.84) yields for the second virial coefficient 
u Nav 


A = 3.85 
2 2M2 (3.85) 


The molar excluded volume, uNay, for particles of a given shape, will be proportional to the 
molecular weight of the particles, M2. Hence, according to Eq. (3.85), derived from the excluded 
volume model, the second virial coefficient of particles of a given shape decreases with increasing 
molecular weight, being inversely proportional to the latter. 
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Problem 3.9 At 27°C, the osmotic pressure of an aqueous solution of globular protein increases from 1.64 
mm water to 8.31 mm water as the concentration is increased from 0.1% (w/v) to 0.5% (w/v). The number 
average molecular weight of the protein is 1,56,500 and its specific volume is 0.75 cm3/g. Calculate the 
excluded volume of the protein, assuming it to be spherical in shape, and compare the result with the partial 
molar volume. Density of water at 27°C is 0.996 g/cm? ; 


Answer: 


The second virial coefficient (A2) can be calculated from values of I/c (omitting the subscript 2 for solute) 
measured at two concentrations cı and c2 of dilute solution using [cf. Eq. (3.66)] : 


A/c) - Mo) 
RT(c2 — cy) 


Pressure of h cm column of water at 27°C = (h cm)(0.996 g cm~?) = (0.996h g cm~?) / (1033 g cm~? 
atm™!) or 9.64x10~h atm. (Note that 1 atm = 1033 g cm™?.) 


A2 


cy = mg/m? = 1g/L-!; Mı = 0.164x9.64x1074 or 1.58x1074 atm 


cy = Smg/em = 5g/L!; Ih = 0.831x9.64x10-* or 8.01x1074 atm 
(8.01 x 10-4 atm) /(5 g L7!) — (1.58 x 1074 atm) /(1 g L7!) 

(0.082 L atm mol7! °K-!)(300°K)(5 gL7! — 1 gL7!) 
2.24x 1078 mol L g7? (= 2.24x 107 mol m° kg?) 


2 = 


Excluded volume per mol, wNay, = 2A2M3 = 2(2.24x1078 mol L g~*) (1.565x10° g mol! = 1.1x103 
Lmol7! (= 1.1 m mol`!) 


Partial molar volume, V2 = 7M2 = (0.75x107? L g~!)(1.565x10° g mol!) = 0.12x10° L mol”! 
(= 0.12 m? mol™!). 


The excluded volume (per mol) of the globular protein calculated above is about 9 times the molar 
volume. This compares well with the case of spherical particles for which the excluded volume equals eight 
times the particle volume. 


Since most polymer molecules have relatively flexible backbone, they tend to be highly coiled 
and can be represented as random coils. A molecular coil, being very loose, inhabits a region 
significantly larger than the actual volume of the coil. Each part of the molecule excludes other 
more remotely connected parts from its volume. These long-range steric interactions cause the 
RMS end-to-end distance, (r7)!/”, to be greater than Gry. Chain dimensions which correspond 
to Pie? are unperturbed by the effects of volume exclusion and so are called the unperturbed 
dimensions. 

Similarly the RMS radius of gyration for perturbed dimensions in real chains, (S*)!/, is greater 
than that for unperturbed dimensions, (S*)/*. The perturbed dimensions will differ from unper- 
turbed dimensions by the expansion « of the molecule arising from the long-range effects. Thus, 
we may write 

Ce Sehr (3.86) 


(Sy = A (3.87) 
No simple relationship exists between the two expansion parameters œ, and œs. However, for small 


expansions œ, and œs are close and one can use an average expansion factor œ instead of œ, and a; 
for simplicity. 
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Expansion Factor The second virial coefficient, A2, is a measure of solvent-polymer compatibil- 
ity. Thus, a large positive value of Az indicates a good solvent for the polymer favoring expansion 
of its size, while a low value (sometimes even negative) shows that the solvent is relatively poor. 
The value of A» will thus tell us whether or not the size of the polymer coil, which is dissolved in a 
particular solvent, will be perturbed or expanded over that of the unperturbed state, but the extent 
of this expansion is best estimated by calculating an expansion factor a. As defined by Eqs. (3.86) 
and (3.87), œ represents the ratio of perturbed dimension of the polymer coil to its unperturbed 
dimension. 

According to Flory (1953), the change in Gibbs free energy with increasing extension, i.e., 
with increasing @ at highly elastic deformation, is given by the equation 


AGa 
ða 


= -3kT (a = z) (3.88) 


Apart from this excluded volume effect, coil size in solutions is affected by interaction between 
a coil and a solvent. Solvent molecules penetrate inside the coil, which thus swells and increases 
in size. The change in Gibbs free energy with coil size increase, caused by swelling, is expressed 
by the equation (Flory, 1953) 


AGs, — 6CykT WA — 6/T)M,” BG 

da a 
where k is the Boltzmann constant; Cm is a parameter depending in a complicated way on proper- 
ties of the polymer-solvent system, and is given by 


-3/2 
27 v (r?)o 
z 3.90 
Cu (=a) fred | M2 (3.90) 


where V2 is specific volume of polymer and (r?»} is mean square end-to-end distance of polymer 
molecule in ideal solvent. Note that since (r7), is directly proportional to number of backbone 
bonds in the polymer chain (see Problem 2.5) and hence to molecular weight Mz of polymer, Cy 
is independent of polymer molecular weight. 

The total change in Gibbs free energy accompanying the change in coil size is, from Eqs. 
(3.88) and (3.89): 


7 1/2 
906 _ A ATMS? _ ap (q _ 1) G91) 
ða at x 


At equilibrium, 0AG/da = 0, and hence 


2Cuw(l — 6/T)M} eel 


= (3.92) 


Q | 


Rearranging, 
© —a@& = 2Cywd - 6/T)M;” (3.93) 
Equation (3.93) indicates that the size of a polymer coil increases with increasing molecular 


weight of the polymer. According to this equation, at a temperature equal to the Flory temperature 
(.e., T = 0), a =? = 0,ie., œ = 1. Thus, there isa temperature for each dilute polymer 
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solution, at which it behaves like an ideal solution, the factor a being equal to unity, i.e., long-range 
interactions have no effect on the size of the macromolecules. The coil is then in an unperturbed 
state and the chain size depends only on short range interactions that occur between neighboring 
atoms and groups. All the above arguments apply, however, to very dilute solutions in which 
chains do not interact with each other. 


Problem 3.10 Deduce from Eq. (3.93) that the molecular expansion factor œ should increase with in- 
crease in temperature in a poor solvent, decrease with increase in temperature in a very good solvent, and be 
independent of temperature in an athermal solvent. 


Answer: 


From Eq. (3.79), @ = «TI /w. Ina poor solvent, where both x and w generally are positive, 6 also will 
be positive. Therefore according to Eq. (3.93), œ — a3, and hence a, should increase with increase in 


temperature. 


In a very good solvent, where the heat of dilution (x) is negative and y is normal (i.e., positive), 0 will be 
negative, and according to Eq. (3.93), œ should decrease with increase in temperature. 


In an athermal solvent, x = 0, @=0, and hence a should be independent of temperature. 


Problem 3.11 For a fractionated polyisobutylene sample of molecular weight 1.5x10° the intrinsic vis- 
cosity was measured in cyclohexane at 30°C (good solvent) and in benzene at 24°C (theta solvent). The 
ratio of these two intrinsic viscosities yielded the factor a, by which the volume of the molecule in cyclo- 
hexane at 30°C is enlarged relative to the volume of the unperturbed molecule, as 4.03. Evaluate the total 
thermodynamic interaction (W — x) for polyisobutylene-cyclohexane at 30°C. Use the observed relation for 
polyisobutylene between molecular weight (M2) and the unperturbed root-mean-square end-to-end distance 
(yt? given by 


(yy? = 0.75x 10-8 M9? cm 


to calculate the parameter Cm as required. [Polymer density = 0.92 g/cm?; density of cyclohexane at 30°C 
= 0.772 g/cm? |] 


Answer: 


From the given data: a = (a°)' = (4.03)! = 1.591; vz = 1/(0.92 gcm™3) = 1.087 cm? g!; My 
(for C6H12) = 84gmol!; V, = (84g mol7!)/(0.772 gcm?) = 108.8 cm? mol7!. 


From Eq. (3.90): 


en -| 27 | (1.087 cm? g7!)? 
25/2 x312 | | (6.02 x 1023 mol™!)(108.8 cm? mol™!) 
(0.75 x 1078 cm mol! g7!) 
= 0.0366 mol! g7! 


From Egs. (3.79) and (3.93) : 


y -x= Wl -4T) 
5 a 5 

O 0 1.591)? — 4.03 

= ye S = 6 zga, ee 
2CuM, 2(0.0366 mol!/* g71/2)(1.5 x106 g mol7!)9- 


This quantity may be resolved into its entropy and energy components, if the temperature coefficient of the 
intrinsic viscosity is known (Flory, 1953). 
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Problem 3.12 Show that the perturbed dimensions of highly expanded polymer coils are proportional to 
n>, where n is the number of backbone bonds in the polymer chain. 

Answer: 

For large expansion, a > a? and so from Eq. (3.93): a x KM} 2 where K is a constant for the 


polymer-solvent system. Therefore, œ o My! 10 and hence, a œ n!/!0, 


251/2 1/2 


on . 


From Eq. (2.2): Unperturbed dimension, (r 


From Eq. (3.86): Perturbed dimension, (r2y 1/2 «x (n'/19) (y 1/2), 1.e., (r2yl/2 œ ns, 


3.3 Phase Equilibria in Poor Solvents 


The conditions for equilibrium between two phases in a binary system are given by the equality of 
the chemical potentials in the two phases; that is, 


and Mm = wy oor Am = Any (3.94) 
My = wy or Am = Aw (3.95) 


where the single and double primes are used to indicate, respectively, the dilute and concentrated 
phases in thermodynamic equilibrium and subscripts | and 2 indicate solvent and polymer solute, 
respectively. Using these conditions we may now examine the requirements for the occurrence of 
incomplete miscibility and deduce the corresponding concentrations of the two phases. 

Equations (3.48) and (3.49), derived previously, express the chemical potentials 4; and u2 as 
functions of the volume fraction ¢2 of the polymer (note that ¢; = 1 — 62) and a single parameter 
X (note that y and y’ are equal) occurs in these fractions. Fulfillment of the conditions represented 
by Eqs. (3.94) and (3.95) requires that there be two concentrations at which the chemical potential 
41 or Au has the same value, and so also the chemical potential u2 or Au. Since uı and uz are 
derived by differentiating the same free energy function, Eq. (3.45), it suffices to consider only 
one of them. 


Problem 3.13 A polymer solution was cooled slowly until phase separation took place. The volume frac- 
tions of polymer in the two phases at equilibrium were found to be 0.01 and 0.89, respectively. Using the 
Flory-Huggins equation for Ayı [cf. Eq. (3.48)] and the equilibrium condition Aw, = Ay’, obtain a value of 
the polymer-solvent interaction parameter y for the conditions of phase separation. 

Answer: 

In order to use the Flory-Huggins equation for Aj, the number-average value of o (the number of segments 
per polymer molecule) should be known. However, for most polymers, o is sufficiently large for (1 — 1/0) = 
1.0. Making this assumption and applying the condition Ay, = Ay’ leads to 


In(1 — 0.01) + (1.0x0.01) + ¥(0.01)* = In(1 — 0.89) + (1.0x0.89) + (0.89)? 
yielding, y = 1.66. 


Figure 3.6 shows plots of the relative chemical potential of the solvent, —(4; — 41 )/RT, versus 
the volume fraction of the polymer solute, 62, calculated according to Eq. (3.48) for several values 
of y, considering a polymer of size 0 = 1000. It is seen that for small values of y, the relative 
chemical potential decreases [i.e., —(uı — 41)/RT increases] monotonically with ¢2 throughout 
the concentration range, indicating total miscibility. However, as the value of y is increased, either 
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Figure 3.6 Plot of Eq. (3.48) for various values of the 
interaction parameter, y, as indicated in the diagram. 
A value of 1000 has been assumed for o, the num- 
ber of segments in the polymer. (Drawn following the 


method of Flory, 1942.) 
0.02 0.04 


D 
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by decreasing the temperature or by altering the nature and composition of the solvent, a critical 
value Xc (in this case 0.532) is reached at which the previously monotonic curve begins to show 
a point of inflection. Its appearance signifies the onset of immiscibility of polymer and solvent 
and it is marked by an incipient phase separation (opalescence). Since both the first and second 
derivatives of a function are zero at the inflection point, the conditions for this incipient phase 
separation can be described (Flory, 1953) by 


(01 /02)7,p =0 (3.96) 
(FP 11/03)r,p = 0 (3.97) 


It is readily seen from Fig. 3.6 that for each value of y above y, there are two different values 
of ¢2 at which the chemical potential of the solvent in the two phases is the same. This means 
that solutions with concentrations represented by these two values of ¢2 can be in thermodynamic 
equilibrium for y > V-. It also implies that a solution which has an intermediate value of 2 
will spontaneously separate into two stable liquid phases with these two concentrations and a 
concomitant decrease in the free energy. Thus, if y is increased by decreasing the temperature, 
a fully miscible system at higher temperatures is transformed to one of limited miscibility at the 
lower temperature. At some critical temperature T., during this process, incipient phase separation 
(as indicated by the onset of an opalescence) is encountered, followed by separation into distinct 
liquid phases at still lower temperatures. 

Application of the critical conditions of Eqs. (3.96) and (3.97) to the chemical potential as 
given by Eq. (3.48) yields (Flory, 1953): 


1/0 - $2) - (1 - 1/7) - 2v¢2 = 0 (3.98) 
and 


1/1 — ¢2)? -2x = 0 (3.99) 
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Eliminating y, one then obtains for the critical composition, 


dr = 1/0 + Yo) (3.100) 


Substituting Eq. (3.100) into either of the Eqs. (3.98) and (3.99) yields 


Xe = (1 + Vo)? /20 (3.101) 


For large ø, Eqs. (3.100) and (3.101) reduce to 


dre = I/Vo (3.102) 


and = 
Xe = 1/2 + Ivo (3.103) 


Equation (3.102) predicts that the critical concentration at which phase separation first occurs 
on entering the two-phase region is small for a high molecular weight polymer. Thus for a polymer 
having 0 = 1000, ¢2, =0.032. The critical value of y, according to Eq. (3.103), is 0.50 at infinite 
molecular weight and will exceed 1/2 by small increments as the chain length decreases. 

According to the initial definition given by Eq. (3.35), y is inversely proportional to the tem- 
perature. Also in the later phenomenological approach, (x — 5) has been replaced by W(6/T — 1) 
[cf. Eq. (3.79)], implying that y should be a linear function of 1/T. Accordingly, if y- in Eq. 
(3.101) is replaced by [5 + W(@/T. — 1)], it can be readily shown (Flory, 1953) that 


WOT. —1) = 1/VF + 1/20 (3.104) 


1/T. = A/U + AUVE + 1/20)] (3.105) 


which for large o can be written simply as 
1/T. = A/O[1 + 1/WvVo)] (3.106) 


A plot of 1/7, versus (1 INT + 1/20) or 1 INT (for large o`) should thus be linear. The slope 
and intercept (at infinite 0) of such plots should yield values of y and @ which should depend 
only on the nature of the polymer and the solvent and not on the degree of polymerization. The 
critical temperature, T.., of a given polymer in a given solvent may be determined by observing the 
precipitation temperature (Tp) as a function of the volume fraction (¢2) of the solute (see Fig. 3.7). 

Noting that o = Mv2/V, (cf. Problem 3.1), where v2 is the specific volume of the polymer of 
molecular weight M and V; is the molar volume of the solvent, Eq. (3.106) can be written as 


1/T. = (1/01 + b/ VM) (3.107) 


where the constant b is given by b = ¥(V\/v2) /w. Thus according to the above theory, the re- 
ciprocal of the critical temperature (in °K) for the onset of opalescence should vary linearly with 
the reciprocal of the square root of the molecular weight in a given polymer-solvent system. The 
corresponding 0 may now be identified as the critical miscibility temperature in the limit of infinite 
molecular weight. 
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a 


Precipitation temperature, T, 


Vol. fraction of polymer, , 


Figure 3.7 The critical temperature, Tę, is determined as the maximum point of the plot (phase diagram) 
of Tp versus ¢2, also called the cloud point curve or the precipitation curve. Tp is the temperature at which 
detectable turbidity can first be observed visually upon slow cooling (1-2°C per 10 min). 


Problem 3.14 | Cyclohexane solutions of polystyrene in varying concentration were slowly cooled to deter- 
mine the precipitation temperature at which the first detectable turbidity appeared. Four polystyrene samples 
differing in molecular weight were used. From the maximum point of the precipitation temperature versus 
volume fraction of polymer plot for each polystyrene sample the critical temperature Te was determined. The 
polymer molecular weights and the respective Te values so obtained are given below. 


Mx10~ Te, CC) 
920 31 
182 28 
64 24 
31 19 


Assuming that the volume of one monomer unit is the same as that of a cyclohexane molecule, estimate 
the theta temperature 0 and the entropic dilution parameter w. 


Answer: 


On the assumption that the volume of mer (repeating unit) is the same as that of a cyclohexane molecule, 
o is equal to the degree of polymerization, M/M,, where Mo is the molar mass of the mer, i.e., 104 g/mol. 
(Alternatively, o can be taken as the ratio of the molar volume of the polymer to that of the solvent, the molar 
volume in each case being obtained from molar mass and density.) 


From the plot of 1/7. versus (/yo + 1/20) in Fig. 3.8: 
1/0 = Intercept = 3.254x10 °K! 

6 = 307°K = 34°C 

1/8% = Slope = 2.876x107> °K! 

Ww = (3.254x 10 °K7!)/(2.876x 1073 °K!) = 1.131 


3.3.1 Upper and Lower Critical Solution Temperatures 


Cloud-point curves or precipitation curves for different polymer-solvent systems have different 
shapes (Figs. 3.9 and 3.10). The maxima and minima on these curves indicate the upper critical 
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AF a= 1/69 


(/Te) X 10" 


1 1 2 
(5 n Jo) * 10 


Figure 3.8 A plot of the reciprocal of the critical temperature against the molecular size function occurring 
in Eq. (3.127) from data in Problem 3.14. 


solution temperature (UCST) and the lower critical solution temperature (LCST), respectively. As 
indicated in Figs. 3.9 and 3.10, the phase diagram of a polymer solution has two regions of limited 
miscibility: (i) below UCST associated with the theta temperature (see Problem 3.14) and (ii) 
above LCST. 

Different polymer-solvent systems may have completely different phase diagrams. For some 
systems, such as polystyrene-cyclohexanone, UCST < LCST [Fig. 3.10(a)] but for others, e.g., 
highly polar systems like polyoxyethylene-water, UCST >LCST and closed solubility loop is 
found [Fig. 3.10(b)]. 


Precipitation temperature 


Vol. fraction of polymer, $z Vol. fraction of polymer, @, 
(a) (b) 


Figure 3.9 Schematic phase diagrams for polymer-solvent systems showing (a) UCST and (b) LCST. 
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Vol. fraction of polymer, ¢, Vol. fraction of polymer, @, 
(a) ©) 


Figure 3.10 Phase diagrams for polymer-solvent systems where (a) UCST < LCST and (b) UCST > LCST. 


3.4 Solubility Behavior of Polymers 


If we denote the force of attraction between the molecules of one material A by F44, that between 
the molecules of another material B by Fgg, and represent that between one A and one B molecule 
as Fap, then the system will be compatible and a solution will result if F4g > Fgg and Fag > F44. 
On the other hand, if F44 or Fgg > Fag, the system will be incompatible and the molecules will 
separate, forming two phases. In the absence of any specific interaction (e.g., hydrogen bonding) 
between solvent and solute, we can reasonably assume the intermolecular attraction forces between 
the dissimilar molecules to be approximately given by the geometric mean of the attraction forces 
of the corresponding pairs of similar molecules; that is, Faz = (Fa4.Fpp)!?. Consequently, if F44 
and Fp are equal, F4g will also be similar and the materials should be soluble. 

A measure of the intermolecular attraction forces in a material is provided by the cohesive 
energy. Approximately, this equals the heat of vaporization (for liquids) or sublimation (for solids) 
per mol. The cohesive energy density in the liquid state is thus AE,/V, in which AE, is the molar 
energy of vaporization and V is the molar volume of the liquid. The square root of this cohesive 
energy density is known as the solubility parameter (6), that is, 


ô = (AE,/V )!” (3.108) 
If the vapor behaves approximately like an ideal gas, Eq. (3.108) can be written as 
6 = [(AH,—-RT )/V ]'? = [(AMy — RT )p/M J"? (3.109) 
where AH, is the molar enthalpy of vaporization and p is the density of liquid with molecular 


weight M. For a volatile liquid, cohesive energy density and, hence, 6 can be determined experi- 
mentally by measuring AH, and p. 


Problem 3.15 Calculate an estimate of the solubility parameter for water at 25°C from its heat of vapor- 
ization at the same temperature, given by 


H20 (A) = H20 (g), AĦHzsoç = 10.514 kcal 
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Answer: 
From Eq. (3.109): 


& = [(10514calmol~!) -(1.987calmol™! °K~!)(298°K)] (1 gem™4)/(18 gmol~!) 
= 551.2calem™> = 2.3x10°Jm™~> 
ô = 23.5(calom)!? = 48.0103 (J m°)! = 48 MPa!/? 


[Conversion factors: 1calcm~ = 4.184x10°Jm73 = 4.184x10° Pascal (Pa) = 4.184 MPa. Hence, 1 
(cal em73)!/2, = 2.045 MPa!/2] 


Hildebrand (Hildebrand et al., 1970) first used the solubility parameter approach for calculating 
estimates of the enthalpy of mixing, AHmix, for mixtures of liquids. The equation employed (for 
derivation see Appendix 3.1) is 


AH mix = Vmix$162(61 - 62)° (3.110) 


where Vmix is the molar volume of the mixture, and 6; and 62 are the solubility parameters of 
components | and 2, respectively. 

A necessary requirement for solution and blending compatibility is a negative or zero Gibbs 
free energy change (AGmix) when the solution or blend components are mixed, that is, 


AG aie = AHmixs — TASmix < 0 (3.111) 


Since the ideal entropy of mixing, according to Eq. (3.24), is always positive (the In of a fraction 
being negative), the components of a mixture can be assumed to be miscible only if AHmix < 
TASmix. Solubility therefore depends on the existence of a zero or small value of AHmix, only 
positive (endothermic) heats of mixing being allowed, as in Eq. (3.110). Miscibility or solubility 
will then be predicted if the absolute value of the (6; — 62) difference is zero or small (Burrell, 
1955). Specific effects such as hydrogen bonding and charge transfer interactions can lead to 
negative AHmix but these are not taken into account by Eq. (3.110), and separate considerations 
must be applied in order to predict their effect on miscibility and solubility (Nelson et al., 1970). 

Solubility parameters of solvents can be correlated with the density, molecular weight, and 
structure of the solvent molecule. According to the additive method of Small (1953), the solubility 
parameter is calculated from a set of additive constants, F, called molar attraction constants, by 
the relationship 


zP 
A2 (3.112) 


where }, F is the molar attraction constants summed over the groups present in the compound; p 
and M are the density and the molar mass of the compound. The same procedure is applied to 
polymers and Eq. (3.112) is used, wherein p is now the density of the amorphous polymer at the 
solution temperature, >) F is the sum of all the molar attraction constants for the repeat unit, and 
M is the molar mass of the repeat unit. Values of molar attraction constants for the most common 
groups in organic molecules were estimated by Small (1953) from the vapor pressure and heat of 
vaporization data for a number of simple molecules. A modified version of a compilation of molar 
attraction constants (Hoy, 1970) is reproduced in Table 3.2. An example of the use of the tabulated 
molar attraction constants is given in the problem worked out below. 
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Problem 3.16 Calculate an estimate of the solubility parameter for the epoxy resin DGEBA (diglycidyl 
ether of bisphenol A) having the repeat unit structure as shown below and density 1.15 g/cm?. 
CH; 
' ot \ ; / \_o CH —CH cr 
a: O be oo" 
Answer: 
M (for repeating unit) = 284 g mol7! 
F LF 
l 351/2 1 341/2 
Group (cal cm) 7 No. of groups (cal cm”) 4 
mol mol 

-CH3 147.3 2 294.60 

-CH2- 131.5 2 263.00 

>CH- 85.99 1 85.99 

>C< 32.03 1 32.03 

—O- (ether) 114.98 2 229.96 

-OH 225.84 1 225.84 

-CH= (aromatic) 117.12 8 936.96 

-C= (aromatic) 98.12 4 392.48 

6-membered ring —23.44 2 —46.88 

Para substitution 40.33 2 80.66 

2494.64 
‘ (1.15 gem73) (2494.64 cal! em3/2 mol7!) 


(284 g mol!) 
10.1 (calcem)! = 20.7 MPa! 


Table 3.2 Group Molar Attraction Constants 


Group 

-CH3 

-CH2- 

>CH- 

>C< 

CH2= (olefin) 
-CH= (olefin) 
>C= (olefin) 
-CH= (aromatic) 
-C= (aromatic) 
—O- (ether, acetal) 
—O- (epoxide) 
—COO- 

>C=0 

-CHO 

(COVO 
Structure feature 
Conjugation 

Cis 

Trans 
5-membered ring 


Molar attraction, F 
(cal cm?)!/2/mol 
147.3 
131.5 
85.99 
32.03 
126.54 
121.53 
84.51 
117.12 
98.12 
114.98 
176.20 
326.58 
262.96 
292.64 
567.29 


23.26 
-7.13 
—13.50 
20.99 


Group 

-OH> 

—OH aromatic 
—NH> 

-NH- 

_N- 

—C=N 

—N=C=O 

ES 

Ch 

—C] (primary) 
-C] (secondary) 
—Cl (aromatic) 
-Br 

—Br (aromatic) 
-F 

Structure feature 
6-membered ring 
Ortho substitution 
Meta substitution 
Para substitution 


Source: Hoy, 1970; Brandrup and Immergut, 1975; Rudin, 1982. 


Molar attraction, F 
(cal cm?)!/2/mol 
225.84 
170.99 
226.56 
180.03 
61.08 
354.56 
358.66 
209.42 
342.67 
205.06 
208.27 
161.0 
257.88 
205.60 
41.33 


—23.44 
9.69 
6.6 
40.33 
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Table 3.3 Solubility Parameters for Some Common Solvents*> 


(i) Poorly H-bonded (hydrocarbons and 
their halo-, nitro-, and cyano- products) 


(ii) Moderately | H-bonded (esters, 
ethers, ketones) 


Solvent ô, (cal/cm”) Solvent ô, (cal/em”) 
n-Hexane 7.3 Isoamy] acetate 7.8 
Carbon tetrachloride 8.6 Dioctyl phthalate 7.9 
Toluene 8.9 Tetrahydrofuran 9.1 
Benzene 9.2 Methyl ethyl ketone 9.3 
Chloroform 9.3 Acetone 9.9 
Methylene chloride 9.7 1,4-Dioxane 10.0 
Nitrobenzene 10.0 Diethylene glycol 
Acetonitrile 11.9 monoethyl ether 10.2 
Gii) Strongly hydrogen-bonded (acids, alcohols, aldehydes, amides, amines) 
Piperidine 8.7 Propylene glycol 12.6 
Acetic acid 10.1 Methanol 14.5 
Meta-cresol 10.2 Ethylene glycol 14.6 
t-Butanol 10.6 Glycerol 16.5 
1-Butanol 11.4 Water 23.4 


“Source: Burrell, 1975; Rudin, 1982. PSI value of ô in MPa!/? is obtained by multiplying the value in (cal/em?)'/? by 
2.045. 


Table 3.4 Solubility Parameters for Some Common Polymers*> 


Polymer ô, (cal/em3)!2 H-bonding group* 
Polytetrafluoroethylene 6.2 Poor 
Polyethylene 8.0 Poor 
Polypropylene 9.2 Poor 
Polyisobutylene 8.0 Poor 
Polybutadiene 8.4 Poor 
Polyisoprene 8.1 Poor 
Polystyrene 9.1 Poor 
Poly(methyl methacrylate) 9.5 Medium 
Poly(vinyl acetate) 9.4 Medium 
Poly(vinyl chloride) 9.7 Medium 
Cellulose diacetate 11.0 Strong 
Poly(vinyl alcohol) 12.6 Strong 
Polyacrylonitrile 12.7 Poor 
Nylon-6,6 13.7 Strong 


“Source: Burrell, 1975; Rudin, 1982. PSI value of ô in MPa!” is obtained by multiplying 
the value in (cal/em?)"? by 2.045. °The hydrogen-bonding group of each polymer 
has been taken as equivalent to that of the parent monomer. 


The units of the solubility parameter 6 are in (energy/volume)!/?. The 6 values for some com- 
mon solvents and polymers, listed in Tables 3.3 and 3.4, have units of cal! cm73/, called hilde- 
brands. The SI value in MPa!” may be obtained by multiplying the 6 value in hildebrand by 2.045. 
Most tabulated solubility parameters refer to 25°C. However, over the temperature range normally 
encountered in industrial practice, the temperature dependence of 6 can be neglected. 

While the solubility parameter of a homopolymer can be calculated from the molar attraction 
constants as illustrated in Problem 3.16, the solubility parameter of random copolymers, óc, may 


be calculated from 
de = >) Ow; (3.113) 


where 6; is the solubility parameter of the homopolymer that corresponds to the monomer i in the 
copolymer and w; is the weight fraction of repeating unit i in the copolymer (Krause, 1972). 
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Problem 3.17 Calculate the solubility parameter for a methyl methacrylate-butadiene copolymer contain- 
ing 25 mol % methyl methacrylate. The solubility parameter values for poly(methyl methacrylate) (PMMA) 
and polybutadiene (PB) homopolymers, calculated from molar attraction constants, are, respectively, 9.3 and 
8.4 (cal cem73)!/2, 
Answer: 
M (butadiene) = 54g mol!; M (methyl methacrylate) = 100 g mol”! 
Weight fraction of methyl methacrylate in copolymer 

0.25 (100 g mol7!) 


= = 0 38 
0.25 (100 g mol!) + 0.75 (54 g mol7!) 


From Eq. (3.113): e = 0.38(9.3 cal!/? cm~?) + (1 — 0.38)(8.4 cal! cm~?) 
8.7 (calcem?) = 17.8 MPa!” 


Solubility would be expected if the absolute value of (6) — 62) is less than about unity and 
there are no strong polar or hydrogen-bonding interactions in either the polymer or the solvent. 
To allow for the influence of hydrogen-bonding interactions, solvents have been characterized 
qualitatively as poorly, moderately, or strongly hydrogen bonded. The solvents listed in Table 3.3 
are grouped according to this scheme. It is a useful practice to match both solubility parameter 
and hydrogen-bonding tendency for predicting mutual solubility. 

Hansen (1967) developed a three-dimensional solubility parameter system based on the as- 
sumption that the energy of evaporation, i.e., the total cohesive energy AE; which holds a liquid 
together, can be divided into contribution from dispersion (London) forces AEg, polar forces AE), 
and hydrogen-bonding forces AE. Thus, 


AE, = AEy + AE, + AEn (3.114) 


Dividing this equation by the molar volume of a solvent, V, gives 


AE, AE AE, AE 
Set ee p y (3.115) 
V V V V 
or 
E = 67 + 6, + O; (3.116) 


where 6g, Ôp, and ô; are solubility parameters due to dispersion forces, dipole forces, and hydrogen- 
bonding (or, in general, due to donor-acceptor interactions), respectively. The three parameters, 
called Hansen parameters, were determined (Hansen, 1967; Barton, 1983) empirically on the ba- 
sis of many experimental observations for a large number of solvents (Table 3.5). Hansen’s total 
cohesion parameter, ô+, corresponds to the Hildebrand parameter 6, although the two quantities 
may not be identical because they are determined by different methods. Once the three component 
parameters for each solvent were evaluated, the set of parameters could then be obtained for each 
polymer (Table 3.6) from solubility ascertained by visual inspection of polymer-solvent mixtures 
(at concentrations of 10% w/v). 


Problem 3.18 Calculate the composition of a blend of n-hexane, 1-butanol, and dioctyl phthalate that 
would have the same solvent properties as tetrahydrofuran. (Take appropriate data from Table 3.5.) 
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Answer: 
Since ôq values do not vary greatly, at least among common solvents, only 6p and ô; values may be matched. 
Let $1, ¢2, and ¢3 be the volume fractions of n-hexane, 1-butanol, and dioctyl phthalate, respectively, in the 
mixture. 


By definition of volume fractions, ¢3 = 1 — ¢; — %2. The solubility parameter mix of a mixture of two 
liquids of solubility parameters 6; and 62, respectively, can be approximated from: mix = $161 + ¢262 + 
$303. Using the data of Table 3.5, 


$10) + $2(2.8) + 1 -= d1 — 2)G.4) 
$100) + $207.7) + CL -4i = ¢2)C.5) 
Simplifying, 0.6 = 3.4¢; +0.6¢2 and 2.4 = —1.5¢, +6.2¢2. Simultaneous solution of these two equations 
yields 6; = 0.10 and 2 = 0.41. Hence, #3 = 0.49. [Check on ôq of the mixture: 0.10(7.3) +0.41(7.8) + 


0.49(8.1) = 7.9. From Table 3.5: ôq (tetrahydrofuran) = 8.2. On the other hand, simultaneous solution of 
three equations to match all three parameters dy, dp, and 6, yields ¢; = 0.14, ¢2 = 0.41, and 43 = 0.48.] 


6p(tetrahydrofuran) 2.8 
6p(tetrahydrofuran) = 3.9 


When plotted in three dimensions, the Hansen parameters provide an approximately spherical 
volume of solubility for each polymer in 6g, Ôp, Ôn space. The scale on the dispersion axis is 
usually doubled to improve the spherical nature of this volume. The distance of the coordinates 
Q 3 ôl, n) of any solvent i from the center point (61, On, ôl) of the solubility sphere of polymer j 

d = [40 -8 + (51, - 64)? + (6), - 64°]? (3.117) 


This distance can be compared with the radius R of the solubility sphere of the polymer (Table 
3.6), and if d < R, the likelihood of the solvent i dissolving the polymer j is high. This works 
well, despite the limited theoretical justification of the method. 


Table 3.5 Hansen Parameters? for Solvents at 25°C 


Liquid Od Op On 
(cal/em3)!/2 (cal/em?)!/2 (cal/em?)!/2 
Acetic acid 6.8 6.0 9.2 
Acetone 6.3 4.8 5.4 
Benzene 7.9 4.2 2.0 
1-Butanol 7.8 2.8 7.7 
Chloroform 5.4 6.7 3.1 
Cyclohexane 8.0 1.5 0.0 
1,4-Dioxane 8.0 4.9 3.9 
Dioctyl phthalate 8.1 3.4 1.5 
Ethyl acetate 6.5 4.2 4.3 
Ethylene glycol 4.9 74 14.6 
Glycerol 4.5 7.5 15.3 
n-Hexane 7.3 0.0 0.0 
Methyl ethyl ketone 7.8 4.4 2.5 
Methanol 7.4 6.0 10.9 
Nitrobenzene 8.6 6.8 0.0 
Tetrahydrofuran 8.2 2.8 3.9 
Toluene 8.0 3.9 0.8 
Water 5.9 11.1 19.7 
m-Xylene 8.1 3.5 1.2 


Source: “Tables of Solubility Parameters”, 3rd Ed., Chemicals and Plastics Research 
and Development Dept., Union Carbide Corporation, Tarrytown, N.Y., 1975. PSI value 


of a parameter in MPa!/? is obtained by multiplying the value in (cal/em*)'” by 2.045. 
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Table 3.6 Hansen Parameters and Interaction Radius of Some Polymers and Resins*> 


Polymer ôd Op On R 
(cal/em?)!/2 (cal/em3)!/2 (cal/em?)!/2 (cal/em?)!/2 

Acrylonitrile-buta- 

diene elastomer 9.1 4.3 2.0 47 
Cellulose acetate 9.1 6.2 5.4 3.7 
Epoxy resin 10.0 5.9 5.6 6.2 
Nitrocellulose 75 Ted 4.3 5.6 
Polyamide 8.5 —0.9 73 4.7 
Polyisoprene 8.1 0.7 -0.4 4.7 
PMMA 9.1 5.1 3.7 4.2 
Polystyrene 10.4 2.8 2.1 6.2 
Poly(vinyl acetate) 10.2 5.5 4.7 6.7 
Poly(vinyl chloride) 8.9 3.7 4.0 1.7 
SBR 8.6 1.7 1.3 3.2 


“Data from Hansen and Beerbower, 1971. PSI value in MPa!” is obtained by multiplying the 
value in (cal/em?)!/? by 2.045. 


Problem 3.19 Using Hansen parameters (Tables 3.5 and 3.6) determine if polystyrene is expected to dis- 
solve in a solvent mixture of 60/40 v/v methyl ethyl ketone/n-hexane. 


Answer: 


Denote the solubility parameter components of MEK, n-hexane, and polystyrene using superscripts i, j, and 
k, respectively. From Table 3.5: 


MEK: ð = 7.8, 6, =4.4, ð, =2.5 all in (cal om™3)! 


n-hexane : oy =7.3, ol =0, ój =0 all in (cal em)! 


The Hansen parameters are combined on a 60/40 volume fraction basis : 

oi = 0.6x7.8 +0.4x7.3 = 7.6 (calcm73)!2 

oy = 0.6x4.4+0.4x0.0 = 2.6 (calcm7)!2 

6) = 0.6x2.5+0.4x0.0 = 1.5 (cal cm)! 
For polystyrene (Table 3.6): 54 = 10.4, of, = 2.8, df = 2.1, R = 6.2 all in (cal cm~’)! 
From Eq. (3.117): d = [4(10.4-7.6)2 + (2.8 -2.6)? + (2.1 - 1.5)? ]!2 = 5.6 (calem~)!2 


As this value is less than the radius of the polymer solubility sphere (6.2 cal!/? em~7/?), the polymer is 
expected to be soluble. This is found to be the case for a 10% w/w solution. 


Three-dimensional presentations of solubility parameters are not easy to use and it is more 
convenient to transform the Hansen parameters into fractional parameters as defined by (Teas, 
1968): 


fa = 64/ (a + dp + On) 
fo = Op/ (Oa + 5p + On) (3.118) 
fh = O6n/ (6a + bp + On) 


The fractional parameters represent, in effect, the quantitative contribution of the three types 
of forces to the dissolving abilities for each solvent and can be represented more conveniently in a 
triangular diagram (Teas, 1968) for the prediction of solubility of polymers. 
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3.5 Swelling of Crosslinked Polymers 


A three-dimensional network polymer, such as vulcanized rubber, does not dissolve in any solvent. 
It may nevertheless absorb a large quantity of a suitable liquid with which it is placed in contact 
and undergo swelling. The swollen gel is essentially a solution of solvent in polymer, although 
unlike an ordinary polymer solution it is an elastic rather than a viscous one. 

Equilibrium swelling for three-dimensional gel structures occurs when the diluting force equals 
the elastic reaction of the network chains. Flory and Rehner (1943, 1950) analyzed this problem in 
terms of the thermodynamic behavior of high-polymer systems. Their statistical mechanical treat- 
ment leads to an expression (see below) for the elastic free-energy change AGa due to the reaction 
of the network to swelling (expansion). The other free-energy change accompanying swelling is 
that due to dilution of the polymer by the solvent and referred to as free energy of mixing AGyix. 
The sum of these two quantities is equal to the total free energy change AG involved in the mixing 
of pure solvent with the initially unstrained, network polymer. Thus we may write 


AG = AGmix + AGa (3.119) 

A suitable expression for AGmix in the present case may be obtained from Eq. (3.45) by 

equating the number of moles of polymer molecules, n2, to zero since the molecular weight of a 
network polymer is infinitely large (cf. Problem 1.5): 


AGnix = RT(n Ing) + nigy) (3.120) 


A suitable expression for AG, derived (Flory and Rehner, 1943, 1950) by analogy with the 
deformation of rubber under the condition of isotropy is 


AGa = (RTy,/2)(3a* - 3 — Ina?) (3.121) 


where « is the deformation factor and ve is the total number (mol) of active sections in the network. 
If ne is the number of chain sections per unit volume and V is the total volume, ve will be given by 


Ve = NeV/Nay (3.122) 


where Nay is Avogadro’s number. Let us now recall Eq. (2.85) from Chapter 2, namely, 


Ase Galt 5 Z (3.123) 


c Mn 


where p is the density, M,, is the primary molecular weight (number average), and Me is the 
average molecular weight per cross-linked unit. [M. can be interpreted as the average molecular 
weight of chains between crosslinks, and hence, 1 /M. can be taken as a measure of the degree of 
crosslinking. Further, it may be noted that the factor (1 -2M./M,) expresses the correction for 
network imperfections or flaws resulting from chain ends. For a perfect network, M,, = co and 
the factor reduces to unity.] Substituting Eq. (3.123) into Eq. (3.122) now yields the following 


expression: 
2M. 2M. 
ve = (Ff - -5-3 (3.124) 
Me Mn VaMe Mn 


where v2 is the specific volume of the polymer. 
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Problem 3.20 The structure of a three-dimensional random network may be described quantitatively by 
two quantities: the density of crosslinking designated by the fraction € of the total structural units engaged 
in crosslinkages and the fraction € of the total units which occurs as terminal units or free chain ends (i.e., 
which are connected to the structure by only one bond). Alternative quantities, such as the number (mole) N 
of primary molecules and the number (mole) v of crosslinked units, in addition to Mn and Me, defined above, 
are also used to characterize a random network structure. Relate N and v to these other quantities. 


Answer: 


The quantities N and v are related to € and € by 


N = Ne/2 (P3.20.1) 
and v = Me (P3.20.2) 
where Np is the total number (mole) of units. N and v can be further related to Mn and Me by 

N = NoMo/Mn = V/(02Mn) (P3.20.3) 
and v =MNM/Me = V/02Me) (P3.20.4) 


where M, is the (mean) molecular weight per structural unit; V is the total volume and v2 the specific volume 
of the polymer. 


The chemical potential of the solvent in the swollen gel is obtained by adding Eqs. (3.120) and 
(3.121) and partial differentiation with respect to nı in order to apply Eq. (3.3). Thus, 


OAG OAG nix OAGe Oa 
-wW = {—— = | = — 3.125 
PESA l On, J l on, z x l ða An ! ) 


In order to evaluate (Oa/0n1), we note that 


V, 1 
3 = Š= (3.126) 

V $2 
where V is the volume of the unswollen polymer when the crosslinkages were introduced into it 
and V, is the volume of the swollen gel; ¢2 is the volume fraction of polymer in the swollen gel. 
Assuming further that mixing occurs without change in the total volume of the system (polymer + 
solvent), it follows that 

3 1 V +nV 


ae a (3.127) 


and hence 


(da/ni)rp = (Vi/30°V ) (3.128) 


where V; is the molar volume of the solvent. 

Evaluating the other two derivatives occurring in Eq. (3.125) after substitution for AGmix and 
AGe from Eqs. (3.120) and (3.121), respectively, we obtain (cf. Eq. (3.48)) the Flory-Rehner 
equation (Flory and Rehner, 1943, 1950): 


= Vive 
m- = BG, = RT |m =g) + bn +x03 + (E) oe - 0/2) (3.129) 


140 Chapter 3 


Substituting for ve from Eq. (3.124), we may also write the following expression: 


u-u = AG = RT [In(1 — h2) + do + xo 
+ VaMe) (1 — 2M. /My) (61 — $2/2)| (3.130) 


The first three terms in the right hand side of Eq. (3.130) correspond to (u1 — p4) according 
to Eq. (3.48) for a polymer of infinite molecular weight (i.e., © = co), while the last part of the 
equation is the modification of the chemical potential due to the elastic reaction of the network 
structure. The activity of the solvent a; can be obtained from Eq. (3.130), since aj is related to 
chemical potential by Eq. (3.56). Thus, 

Hı = My 


V 2M. 
Inay = =F = n-o) + bo nt (rl a er -en) (3.131) 


The polymer concentration (2m) at which 41 = p4, or the activity of the solvent is unity, 
represents the composition at swelling equilibrium. This is the concentration at which the relative 
chemical potential (44; — 4$), or the relative partial molar free energy AG}, plotted against ¢2, 
reaches a maximum. To locate this composition we equate (wu; — 41) of Eq. (3.131) to zero, 
obtaining thereby 


V 2M. 
— [In — 62m) + pom + Xim] = l- M 


Jes — ¢2m/2) (3.132) 
For a perfect network (M, = oo) and Eq. (3.132) simplifies to 


V 
- [M = gan) + dam + x8] = (NO ~ don!2) (3.133) 


The left-hand member in Eqs. (3.132) and (3.133) represents the lowering of the chemical 
potential owing to mixing of polymer and solvent, while the right-hand side represents the increase 
of the chemical potential due to the elastic reaction of the network. If vy, Vj, and Me are known, 
¢2m is uniquely determined from Eq. (3.132). However, a more direct method of expressing the 
degree of swelling is as the maximum imbibition Q,,, defined as the volume of solvent imbibed 
per unit volume of polymer. Qm is related to 2, by 


Qn = (1 — b2m)/b2m (3.134) 


Problem 3.21 A neoprene rubber vulcanizate containing 90% (by wt.) chloroprene has 1% of the latter 

units crosslinked. Given that the interaction parameter (y) value of the polymer in n-hexane is 1.13, calcu- 

late an estimate of the maximum swelling expressed as volume of solvent imbibed per unit volume of the 

vulcanizate. [Data: Rubber density = 1.23 g/em?; molar volume of n-hexane at 25°C= 131.6 cm3/mol.] 

Answer: 

Molecular weight of chloroprene (C4Hs5Cf), Mo = 4x12 + 5x1 + 1x35.5 = 88.5 g mol7!. Fraction of 

chloroprene units engaged in cross-linkages, € = 0.01 

From Eqs. (P3.20.2) and (P3.20.4), Mc = Mo/e = (88.5 gmol7!)/0.01 = 8850 gmol! 

Neglecting the effect of chain ends, Eq. (3.133) is applicable for swelling equilibrium. Referring to this 

equation, 

(131.6cm3 mol7!)(1.23 gem73) 
(8850g mol!) 


[In = bam) + Gam + 1.1365 _] 


RHS = (653 — bom/2) = 0.0183)(653 — d2m/2) 


LHS 
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Oom= 0.757 


“0.6 0.7 0.8 0.9 


Oom 


Figure 3.11 Graphical solution of Eq. (3.133) with data of Problem 3.21. 


Both RHS and LHS may be evaluated for various values of Øm between 0 and 1 and plotted against ¢2,, (Fig. 
3.11). This gives ¢2,, =0.757 at the point of intersection of the plots. Hence, maximum swelling (imbibition) 
= (1 — 0.757)/0.757 = 0.32 vol/vol and the polymer swells to 1/0.757 or 1.32 times its original volume. 


Problem 3.22 A crosslinked sample of polyisobutylene swells to 10 times its original volume in cyclohex- 
ane. What volume will it swell to in toluene ? [Data: y (polyisobutylene-cyclohexane) = 0.436; molar 
volume of cyclohexane at 25°C = 108.7 cm?/mol; X (polyisobutylene-toluene) = 0.557; molar volume 
of toluene at 25°C = 106.9 cm?/mol.] 


Answer: 


Assuming perfect network for the crosslinked polymer, Eq. (3.133) can be used and rearranged to give 


(633 — bom/2)Vi 


Me A 
ane —[In(L = Øm) + dam + Xh] 


(P3.22.1) 


In cyclohexane, ¢2,, = 1/10 = 0.1. Substituting 2m = O.landV,; = 108.7 cm? mol~! in Eq. (P3.22.1) 
gives (¥xM,) = 44996 cm? mol7!. 


For polyisobutylene-toluene system, Eq. (3.133) becomes 


(106.9 cm? mol! 473 
-[in(1 - y+ (ie) = —___— - /2) 
2m 2m Pam (44996 m mol~!) Poin bam 
By plotting the LHS of this equation against the RHS with various assumed values of $2, between 0 and 
1, the value of $,, at the intersection of the plots is found to be 0.21. Therefore, the polymer swells to 1/0.21 
or 4.75 times its original volume in toluene. 


Problem 3.23 Many polymers undergo crosslinking by gamma radiation. One such polymer was subjected 
to different doses of gamma radiation and the maximum swelling or imbibition (Qm) of the resulting products 
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in n-hexane at 25°C was measured which yielded the following data: 


Dose, Mrad Qm, vol/vol 
10.0 
8.1 
6.2 
4.6 
3.4 


o A Ne 


=a 
lon 


Assuming that the crosslink is tetrafunctional and its density is directly proportional to the radiation dose, 
deduce the crosslink density at the radiation dose of 10 Mrad. Also obtain an estimate of the interaction 
parameter for the polymer in n-hexane. Molar volume of n-hexane at 25°C = 131.6 cm?/mol. 


Answer: 


Let y = dose (Mrad), Z = crosslink density, mol cm? , and hence, Z = k.y. Since each crosslink (tetrafunc- 
tional) joins four chains, the number of chains is 4x 5 or 2 times the number of crosslinks in a given volume. 
So, (v2M.)"! = 2Z = 2ky, where v2 is the specific volume of the polymer. Substituting in Eq. (3.133) and 
rearranging gives: Y = 2kV,X + x, where Y = —[In(1 — 2m) + dom] / Pm and X = yoy — bam/2) / Dom 

The value of $2,, at each value of y is obtained from Qm using Eq. (3.134). Y is plotted against X. The 
intercept of the straight line plot gives y = 0.501, while the slope gives 2kV; = 5.7x10~+ (Mrad)~!. Hence, 


(5.7x 1074 Mrad7!)(10 Mrad) 


f = 2.2x 1075 mol cm~? 
2(131.6 cm? mol!) 


Crosslink density, (Z)y-10 = 


3.5.1 Determination of x from Swelling 


A necessary preliminary to obtaining reliable values of the interaction parameter y from swelling 
measurements is the determination of the degree of crosslinking of the network, that is, the 
crosslinked polymer must be calibrated before use. A method used is to determine the volume 
fraction of polymer present in the swollen gel when a sample of the crosslinked polymer has 
swelled to equilibrium in an excess of a solvent in which the y value is known for the polymer. 
The relation between the ratio of initial to final weight and the volume fraction is given by 


ee piW, 
piW, + p2Wa — p2Wp 
1 
3.135 
ee ae A 
pı \Wo Pl 


where W, and W, represent the weights before and after swelling, and p; and p2 are the densities 
of the solvent and the polymer. 


Problem 3.24 Osmotic pressure measurements at 25°C for poly(vinyl chloride) in dioxane solution yielded 
a molecular weight value of 4.6x10° g/mol and a y-value of 0.48. Crosslinking was introduced into thick 
films of this material by heating at temperatures of about 140°C for 40 hours. Extraction with cyclohexanone 
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was used to remove molecules not linked to the network. Samples cut from the adjacent positions in the 
crosslinked polymer film were used for swelling measurements at 25°C in dioxane (V; = 85.7 cm?/mol, 
p = 1.034 g/cm?) and cyclohexanone (V; = 104.2 cm3/mol, p = 0.947 g/cm). From the equilibrium 
swelling data given below calculate the y value for poly(vinyl chloride) in cyclohexanone at 25°C. (Polymer 
density, p2 = 1.41 g/cm? at 25°C.) 


Weight, g 
Solvent Before swelling After swelling 
Dioxane 0.0455 0.286 
Cyclohexanone 0.0410 0.542 


Answer: 
From Eq. (3.135) for equilibrium swelling in dioxane: 
1 
| 1.41 g cm? ) ( 0.286 g | 1.41 g cm~? ) 


m = = 0.122 


1.034 g cm™° } (0.0455 g 1.034 g cm3 


Rearranging Eq. (3.132) to solve for M, l and replacing v by 1/p2 gives 
eee [In(1 — tam) + bom + XG5m1 2 
| PVI (bs, — $2m/2) Mn 
—[In(1 — 0.122) +0.122 +0.48 (0.122)7] 2 
7 (1.41 gem~3)(85.7cm3 mol™!)[(0.122) 3 — (0.122/2)] : (4.6 x 105 gmol7!) 
2.27107 mol g7! 
Me = 4.4x104 g mol! 


For equilibrium swelling in cyclohexanone, calculating as above from Eq. (3.135): $2, = 0.0521. 
Rearranging Eq. (3.132) gives: 
X = -Uhm [OVMA = MAMAA — bom/2) + MA = dom) + bom] 


Substituting cyclohexanone data, 


mi 1 eeen Daton mo f; seen). 


~ (0.052172 (4.40 x 104 gmol7!) (4.6 x 105 gmol~!) 
((0.0521)"/3 — 0.0521/2) + In(1 — 0.0521) +0.0521| = 0.17 


3.6 Frictional Properties of Polymer Molecules 
in Dilute Solution 


A polymer molecule moving in a dilute solution undergoes frictional interactions with solvent 
molecules due to its motion relative to the surrounding medium. The effects of these frictional 
interactions are related to the size and shape of the polymer molecule. Thus, the chain dimensions 
of polymer molecules can be evaluated from measurements of their frictional properties (Flory and 
Fox, 1950). 
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At a definite shear rate in a laminar flow, different parts of the polymer molecule move at 
different rates depending on whether they are in a zone of rapid or relatively slow flow, with the 
result the polymer molecule experiences a couple of forces which makes it rotate in the flow. 
Rotational and translational movements of polymer molecules cause friction between their chain 
segments and the solvent molecules. This is manifested in an increase in viscosity of the solution 
relative to the viscosity of the pure solvent. 

In a dilute solution, the long flexible polymer molecule forms a coil. One can identify two 
extremes of the frictional behavior of such polymer coils in solution, namely free-draining and 
nondraining. In the case of a free-draining polymer, the solvent molecules can pass through the 
coil-form of the molecule, flowing past each segment of the chain with equal ease, but a nondrain- 
ing polymer molecule in coil-form retains a definite amount of solvent enclosed by it and moves 
together with this solvent. This difference in the draining behavior leads to different dependencies 
of the frictional coefficient, fọ, of a polymer molecule on chain length. 

A free-draining polymer molecule, referred to as the free-draining coil, is considered by divid- 
ing it into identical segments each of which has the same frictional coefficient ¢. Assuming that 
solvent molecules permeate all regions of the polymer coil with equal ease (or difficulty), each 
segment makes the same contribution to fọ and one can thus write (Young and Lovell, 1990) 


fo = ne (3.136) 


where n is the number of segments in the chain. 

A nondraining polymer molecule, also referred to as the impermeable coil, can be represented 
by an equivalent impermeable hydrodynamic sphere of radius R}. The frictional coefficient of 
this sphere which represents the frictional coefficient of the nondraining polymer coil can thus be 
written, according to Stokes’ law, as 


fo = Om Rn (3.137) 


where m is the viscosity of the pure solvent. With the reasonable assumption that the unperturbed 
root-mean-square radius of gyration (S? 1 2 multiplied by the expansion factor œ (which accounts 
for osmotic swelling of the polymer coil by solvent-polymer interactions) can be taken as a mea- 
sure of Ry, Eq. (3.137) can be rewritten in the form 


h = Kay (3.138) 


where Ķ, is a constant for a given system. Since (S*)!? is proportional to n! and for highly 
expanded coils œ is approximately proportional to n!/!? (see Problem 3.12), Eq. (3.138) indicates 
that 


fo = Kn” (3.139) 


where Ky is another constant and 0.5 < ao < 0.6. Comparison of Eqs. (3.136) and (3.139) shows 
that while for both the free-draining polymer and nondraining polymer the frictional coefficient 
increases with polymer chain size, the effect however is less pronounced for the nondraining poly- 
mer molecule. 

The frictional behavior of real polymer molecules is made of contributions of both free- 
draining and non-draining polymer molecules represented by Eqs. (3.136) and (3.139), respec- 
tively. The free-draining contribution dominates for very short chain or elongated rodlike molecules, 
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while for flexible chain molecules (coils) it decreases rapidly with the increase in chain length 
(Young and Lovell, 1990). As most polymers consist of long flexible chain molecules, their fric- 
tional behavior approximates to that of nondraining or impermeable coils. In the following section, 
the nondraining behavior is therefore considerd further, specifically in relation to the viscosity of 
dilute polymer solutions. 


3.6.1 Viscosity of Dilute Polymer Solutions 


Einstein derived the following equation for the viscosity of suspensions of rigid, uncharged, spher- 
ical particles which do not interact with the suspension medium: 


1 = mhi + zø (3.140) 


where 77 and 7, are the viscosities of the suspension and the suspension medium, respectively, and 
¢2 is the volume fraction of the spherical particles. 
Equation (3.140) can be rewritten as 


Nsp = (5/2)¢2 (3.141) 


where nsp = (7) — %o)/7 is known as the specific viscosity. 

It may be assumed that under the action of a shear stress the polymer coil with the solvent 
enclosed by it behaves like an Einsteinian sphere, and hence, the viscosity of polymer solution 
should obey Eq. (3.141) for noninteracting spherical particles. Noninteraction of the polymer 
coils requires infinite dilution. Mathematically this is achieved by defining a quantity called the 
intrinsic viscosity, [n], according to equation (Young and Lovell, 1990): 


mM = lim (sp/e) (3.142) 


If Vn is the hydrodynamic volume of each polymer molecule (it is assumed that all polymer 
molecules are of the same molecular weight) then 


¢2 = (c/M)Nay Vn (3.143) 


where c is the polymer concentration (mass per unit volume), M is the molar mass of the polymer 
(mass per mol), and Nay is Avogadro’s number. Substituting Eq. (3.143) into Eq. (3.141) gives 


Nsp = (5/2)(c/M)Nav Vn (3.144) 


A more satisfactory form of this equation to satisfy the condition of noninteraction of polymer 
coils is given in terms of intrinsic viscosity, [ņ], defined by Eq. (3.142). Thus, 


[7] = (5/2) (Nav /M) (Vico (3.145) 


This equation can be rearranged to give an equation for the hydrodynamic volume of an imperme- 
able (nondraining) polymer molecule in infinitely dilute solution : 


(Vh)e>0 = (2/5) [n] M /Nav (3.146) 


Thus, the quantity [ņ]M is proportional to (V})e=0. 
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Problem 3.25 The relative viscosity of a benzene solution of natural rubber of concentration 0.05 g/100 
cm? is measured to be 1.18 at 25°C. The molecular weight of the rubber is 200,000. Calculate an estimate of 


the hydrodynamic volume of the rubber molecule. State the assumptions made for the calculation. 


Answer: 


In order to use Eq. (3.144) it is necessary to assume that the polymer coils are impermeable and noninteract- 
ing. Since the natural rubber is a high-molecular-weight flexible polymer and the solution is very dilute, these 
conditions may be assumed to be closely approximated. Further it should be assumed, though incorrectly, 
that all molecules are of the same molecular weight (i.e., homodisperse). 


ng = Z = 1 =118-1 = 018 
To To 
c = 0.0005 g cm? 


From Eq. (3.144): 


2nspM _ 2(0.18)(2.0x 10° g mol!) 
ScNay  5(0.0005 g cm=3)(6.02 x 1023 mol!) 


Va = 4.8x107'7 cm 


can be taken 
, we obtain 


In dealing with linear polymers, the root-mean-square end-to-end distance (r7)!/? 
as a measure of the size. Therefore, assuming that (V;,)-4o0 is proportional to (P23? 


2\3/2 
[In] = (& (3.147) 


M 


where ® is a constant. If (r?) is determined from dissymmetry measurements on the light scattered 
by dilute solutions of a polymer fraction, the results being extrapolated to infinite dilution, and 
if the intrinsic viscosity is determined in the same solvent and at the same temperature, then it 
is possible to calculate ® from Eq. (3.147). It is important to use well-fractionated samples for 
these measurements, since Eq. (3.147) is actually derived for monodisperse samples. So when 
measurements are performed with a heterodisperse polymer sample having a considerable range 
in molecular weight, a number average of (r*)*? over the molecular weight distribution should be 
used in conjunction with number average molecular weight M, in Eq. (3.147). 

Analysis of experimental data for [7] and (r2)!/2 by light scattering of solution led Flory to 
the conclusion that the parameter ® should have a universal value for all linear polymers in all 
solvents. For nondraining polymer molecules, ®, known as Flory constant, is independent of chain 
structure and chain length, and is dependent only on the spatial distribution of segments about the 
center of gravity in the molecular coil. For randomly coiled linear polymers this distribution is 
approximately Gaussian. For nondraining polymer coils with Gaussian distribution of segments 
the most acceptable value of ® determined on the basis of theoretical calculations and experimental 
measurements is 2.5107? (cm? g~!)(g mol7! cm~’), or simply mol7!, when [7] is expressed in 
cm?/g and (r?°)! in cm. The value is 2.5x10°! (dL gig mol`! cm~?) when [7] is expressed 
in dL/g and (r*)'”? in cm. This is often quoted as ® for all polymer-solvent systems. In practice, 
® decreases (Krigbaum and Carpenter, 1955) from its theoretical value of 2.87x107> valid for 
unperturbed gaussian coils (2.87107! if [7] is expressed in dL/g) to about 2.1x10?+ for polymers 
dissolved in good solvents (Munk, 1989). 
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According to Eq. (3.147), the contribution of a high polymer molecule to the viscosity should 
be that of an equivalent sphere having a volume proportional to (r?)*/?.. Since for a randomly 
coiled linear chain the mean square radius of gyration (S*) is related to mean square end-to-end 
distance (r°) by (S*) = (r7)/6 [ef. Eq. (2.4)], Eq. (3.147) can be rewritten as 


2\3/2 
[n] = o(S (3.148) 


M 


where ®’ is another Flory constant given by ©’ = 67 and hence has the value of 3.6x10?4 
mol! when [7] is expressed in cm?/g and (S)!/? in cm. 

It is convenient to separate (r7)!/? into its component factors, viz., the unperturbed dimension 
(ie and a linear expansion factor a, for hydrodynamic chain dimensions [cf. Eq. (3.86)]. 
Equation (3.147) may thus be rewritten as follows: 


In] = of 2 j a M!’ (3.149) 
M 1 i 


Since (r) is directly proportional to the number, n, of chain segments, it is also directly 
proportional to M. Therefore, (r?),/M_ is a constant and Eq. (3.149) is more commonly written 
in the form of the Flory-Fox equation (Flory and Fox, 1951): 


[n] = K,a,M'? (3.150) 
a» \3/2 
where K = 0 2) (3.151) 


In view of the preceding analysis, K, should be a constant independent of both polymer molec- 
ular weight and solvent. To some extent, it may, however, vary with temperature, considering that 
the unperturbed dimension (r?)1/? is modified by hindrances to free rotation whose effects are, 
in general, temperature-dependent. 

The Flory-Fox equation predicts that the intrinsic viscosity would depend on (i) the stiff- 
ness of the polymer chain (through the term (r?),/M), (ii) the molecular weight of the polymer 
(through M!/?), and (iii) the solvent-polymer-temperature combination (through a). Under theta 
conditions, @, is unity and Eq. (3.149) predicts a dependence of [7] on the square root of the 
molecular weight. This behavior has been confirmed experimentally for several polymer-solvent 
systems. The exponent 0.5 can be considered as a lower limit since much poorer solvents will not 
dissolve the polymer. On the other hand, in very good solvents, where there is large expansion 
of polymer coil, a is proportional to M 1/10 (see Problem 3.12). Hence the intrinsic viscosity 
will vary as M“/?+3/10) i.e., as M°8. This is an upper limit. For other solvents and non-theta 
conditions, the behavior is intermediate between these two limits. The Flory-Fox equation (3.149) 
thus suggests a general relationship of the form 


[n] = KM* (3.152) 


where K and a are empirical constants for a given polymer-solvent-temperature combination; a in- 
creases (in the range 0.5 < a < 0.8) with the degree of expansion of the molecular coils from their 
unperturbed dimensions under theta conditions, where a = 0.5. This important relationship be- 
tween [7] and M is commonly known as the Mark-Houwink equation or Mark-Houwink-Sakurada 
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equation and was first proposed on the basis of experimental data. The Mark-Houwink constants 
K and a are evaluated from [7] and M data of polymer samples with narrow molecular weight 
distributions. Generally, a plot of log[7] against log M is fitted to a straight line from which K and 
a are obtained (see Chapter 4). 

In an “ideal” solvent (i.e., a poor solvent at the theta temperature for which the second virial 
coefficient vanishes), also known as theta solvent, a, = 1 and Eq. (3.150) reduces to 


[nl = KM‘? (3.153) 


It has been established that K, normally is independent of the solvent and the molecular weight 
of the polymer, though it often depends to some extent on temperature. Values for the expansion 
factor in good solvents can thus be derived from intrinsic viscosities measured in them. From Eqs. 
(3.150) and (3.153) the linear expansion factor a, which is a measure of long range interactions 
and pertains to hydrodynamic chain dimensions, is thus given by 


an = (i/in) 


where [7] is the intrinsic viscosity in the given solvent and [7] is that of the same polymer in a 
theta solvent. From the ratio of the intrinsic viscosity of the polymer in a good solvent to that in 
an “ideal” solvent at (nearly) the same temperature one may thus obtain the factor by which the 
molecule is enlarged. 

It has been suggested that œ thus obtained indirectly from viscosity is related to the more 
directly measured a of Eqs. (3.86) and (3.87) by 


Gy = P (3.155) 


a (3.154) 


There is considerable experimental evidence to support this conclusion. 


3.6.1.1 Determination of Polymer Molecular Dimensions from Viscosity 


The size of a polymer chain in any solvent can be obtained directly from light scattering mea- 
surements, if the polymer coil is large enough to scatter in an asymmetric manner (see Light 
Scattering Method in Chapter 4). However, when the chain is too short for the light scattering 
method an alternative technique has to be used. 

If ® is considered to be a universal constant, the average dimensions of polymer molecules 
in solution can be drived simply from their intrinsic viscosities and molecular weights. More 
specifically, the natural, or unperturbed, dimensions of the polymer chain can be estimated from 
the knowledge of intrinsic viscosity in a theta solvent (Kurata and Stockmayer, 1963; Stockmayer 
and Fixman, 1963). 


Problem 3.26 The intrinsic viscosity of polystyrene of molecular weight 3.2x10° in toluene at 30°C was 
determined to be 0.846 dL/g. In a theta solvent (cyclohexane at 34°C) the same polymer had an intrinsic 
viscosity of 0.464 dL/g. Calculate (a) unperturbed end-to-end distance of the polymer molecule, (b) end-to- 
end distance of the polymer in toluene solution at 30°C, and (c) volume expansion factor in toluene solution. 
(® = 2.5x107? mol7!) 

Answer: 

[nlo = 0.464dL g! = 46.4cm? g"!. 


From Eq. (3.153): 
K, = [nlo/M"? 
= (46.4 cm? g7!)/(3.2x105 g mol™!)!2 = 0.082 cm? mol! g~3/? 
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From Eq. (3.151): 


(Py? = KyM*?/® 


0.082 cm? mol!/? g~3/2)(3.2 x 10° 1-132 
SS ee Sees ae 
(2.5x 1023 mol`!) 


(l = 3.90x10-° cm = 390A 
(b) From Eq. (3.147): 


M 84.6 cm? g~!)(3.2 x 105 1 
(Pye = an = CEO Ee em) > [08 ek i0 ae 


(2.5x 1023 mol`!) 


(r3! = 476x10 cm = 476A 


(c) Neglecting the effect on Ko of small temperature difference between [ņ] and [7]g measurements, the 
hydrodynamic chain dimension expansion factor, a, can be obtained from Eq. (3.154). Thus, 


— [846 dLg hy]? T 
7 | (0.464 dL g7!) a1 

From Eq. (3.155): 

Average linear expansion factor, @ = (a,)'081 = 1.28 


Volume expansion factor, a = (1.28) = 2.1 


Problem 3.27 For a fractionated sample of cis-1,4-polybutadiene of molecular weight 1.23x10° intrinsic 
viscosities were measured (Moraglio, 1965) in three different solvents at respective theta temperatures. From 
the results given below determine the variation of the unperturbed dimensions of the polymer molecule with 
temperature. 


Solvent 6-Temperature (°C ) [nlo, dL/g 

n-Heptane -1.0 0.670 

Isobutyl acetate 20.5 0.656 

n-Propyl acetate 35.5 0.645 
Answer: 


The Ko values for the temperatures —1, 20.5, and 35.5°C are calculated from Eq. (3.153) using [7]9 values 
and M = 1.23x10° g mol™!. These are plotted as In K, vs. T°K. From the slope, dln K/dT = 1.09x1073. 


Differentiation of Eq. (3.151) with respect to T yields 


din(r?), _ 2dInK, 


= = 0.73x107 
dT 3 dT 


Note: The parameter dIn(r?),/dT appears in the theoretical treatments of thermoelasticity of macromolecu- 
lar substances. 
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It is not always possible to find a suitable theta solvent for a polymer and methods have been 
developed which allow unperturbed dimensions to be estimated in nonideal (good) solvents. 

For small expansions, the hydrodynamic chain expansion parameter, a, of Gaussian polymer 
chains is given by a closed expression of the form (Young and Lovell, 1990): 


@ = 1+bz (3.156) 


where z is an excluded volume parameter (which can be shown to be proportional to the square 
root of the polymer molecular weight) and b is a constant. (The value of b is uncertain, e.g., values 
of 1.55 and 1.05 have been obtained from different theories.) Combination of this relation with 
the Flory-Fox equation (3.150) gives 


[In] = KM"? + bK,zM'/? (3.157) 
n 
which upon rearrangement, recognizing that z œ M!/?, leads to 

[M = K, + B'M!? (3.158) 


where B’ depends upon the chain structure and polymer-solvent interaction; it is a constant for a 
given polymer-solvent pair at a given temperature. Thus [7] and M data of calibration samples 
with narrow molecular weight distributions can be plotted as [7|M~' against M!Z to give K, as 
the intercept. The value of K, can then be used to evaluate unperturbed chain dimensions and the 
expansion factor for the chain dimensions. 


Problem 3.28 Viscosity measurements on polystyrene fractions of different molecular weights in benzene 
at 20°C yielded the following values for intrinsic viscosities. 


Molecular weight M [yn], dL/g 


44,500 0.268 
65,500 0.356 
262,000 1.07 
694,000 2.07 
2,550,000 5.54 


Evaluate for polystyrene of molecular weight 10° (a) the unperturbed end-to-end chain lengths and (b) the 
volume expansion factor in benzene at 20°C. Assume ® = 2.5x1073 mol7!. 


Answer: 


In Fig. 3.12, [nM "2 is plotted against M!’ anda straight line is fitted. The intercept at M! > 0 yields 
K, = 0.00117 dL mol! g7? = 0.117 cm? mol!/? g73%., 


(a) From Eq. (3.151) 


1/3 
(2yt2 2 K,M?!2 / 
0 © 
(r2yiP (0.117 cm? mol! g~3/2)(10° g mol7!)3/2 1/2 
r ma 
? (2.5x 1023 mol!) 


= 7.76x10~° cm (776 A) 
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Figure 3.12 Plot of [ņ]M7! against M! for polystyrene solutions in benzene at 20°C. (Data of Problem 
3.28.) 


(b) From Eqs. (3.153)—(3.155) : 
-1/2 1/0.81 
ae (x ) 
Ko 


From Fig. (3.12), [ņ]M!2 = 0.00275 dL mol!/2 g73/2 for M = 10° g mol~!. Therefore, 
0.275 cm? mol!/? g~3/2 
ge = f om mo- g = 287 


1/0.81 
(0.117 cm3 mol!/2 =a 


The interpretation of [7] for branched polymers and copolymers is much more complicated. 
Branching increases the segment density within the molecular coil leading to a smaller size for 
a molecule of the same molecular weight. Thus, a branched polymer molecule has a smaller 
hydrodynamic volume, and hence a lower intrinsic viscosity, than a similar linear polymer of the 
same molecular weight. 
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EXERCISES 


3.1 Calculate (a) the enthalpy of mixing and (b) Gibbs free energy change in dissolving 1075 mol of 
poly(methyl methacrylate) of M, = 10° and p = 1.20 g/cm? in a 150 g of chloroform (p = 1.49 g/cm?) 
at 25°C. The value of y is 0.377. Assume that the volumes are additive. 

[Ans. (a) 25.5 J; (b) -16.1 J] 


3.2 Use the Flory-Huggins equation for Aj; to calculate an estimate of y for solutions of natural rubber (Mn 
= 2.5x10°) in benzene, given that vapor pressure measurements show that the activity of the solvent in 
a solution with ¢2 = 0.250 is 0.989. 
[Ans. 0.426] 


3.3. Osmotic measurements on polyisobutylene (mol. wt. 1.46x10°) in toluene at various temperatures 
yielded the following values for the second virial coefficient (A2) : 


Temperature, °C A2x10f, cm? mol g7 
-5 0.41 
0 0.68 
5 0.95 


Determine for the polymer-solvent system (a) the temperature at which theta conditions are attained, 
(b) the entropy of dilution parameter y, and (c) the heat of dilution parameter x at 0°C. [Data: Specific 
volume of polymer at 0°C = 1.0 cm?/ g; molar volume of toluene at 0°C= 106.1 cm?/mol.] 

[Ans. (a) —12°C; (b) 0.16; (c) 0.15] 


3.4 Values of second virial coefficient (A2) of a polydimethylsiloxane gum of molar mass (M) 4.43x105 
g/mol in several solvents are given below along with data of molar volumes (V1) at room temperature. 


Polymers in Solution 153 


3.5 


3.6 


3.7 


3.8 


3.9 


3.10 


Solvent Vi, cm?’/mol Az, mol cm” g7 
[(CH3)2SiO]4 307.8 6.35x10~4 
n-Heptane 147.5 6.47x10~4 
Toluene 106.9 4.06x10~+ 
It has been found that mean square end-to-end distance of polymer molecule and molar mass are related 
by ((r2)o/M)!" = 7.30 x 10? cmmol!/? g-"/2, 


Calculate an estimate of the polymer-solvent interaction parameter (y) and the relative volumetric ex- 
pansion (a°) of the polymer in each solvent. [Polymer density = 0.960 g/cm] 


Ans. 

Solvent X a oe 
[(CH3)2SiO]4 0.319 1.44 3.02 
n-Heptane 0.412 1.43 2.92 
Toluene 0.458 1.35 2.46 


The second virial coefficient (T2) of a test sample of polystyrene (Mn = 4.8x10°) in toluene (p = 0.845 
g/cm? at 25°C) was found to be 219 cm3/g at 25°C. The partial specific volume of the polymer in the 
solution at this temperature was found to be 0.91 cm3/g. Evaluate the interaction parameter y. 

[Ans. 0.494] 


A solution of poly(methyl methacrylate) (9 = 1.20 g/cm? , M„ = 3.5X10°) in chloroform (p = 1.49 g/cm? 
at 20°C) has been prepared by dissolving 100 mg of the polymer in 200 mL of the solvent. Estimate 
the osmotic pressure of the resulting solution. [y = 0.377] 

[Ans. 4x10~> atm] 


The second virial coefficient , of a sample of polyisobutylene (M, = 428,000) in chlorobenzene 
at 25°C is 94.5 cm?/g. Calculate the osmotic pressure in g/cm? of a 7.0x10~° mol/L solution of this 
polymer in chlorobenzene at 25°C and compare with the value calculated for an ideal solution. [Density 
of chlorobenzene at 25°C = 1.11 g/cm?.] 
[Ans. 0.23 gcm? (ideal 0.18 g cm~?)] 


What is the “excluded volume effect” ? Show the dependence of the expansion factor œ on the molecu- 
lar weight of the polymer. How does the mean square end-to-end distance (ry vary with the molecular 
weight for theta and better solvents ? 


Osmotic pressure determinations were made at 27°C on a series of solutions of a globular protein in 
water. The following results were obtained : 


Protein concentration, | Osmotic pressure, 


mg/cm? mm H20 
1 1.64 
2 3.29 
3 4.95 
4 6.62 
5 8.31 


(a) Calculate the molecular weight of the protein and its second virial coefficient. (b) Calculate the 
interaction parameter and the excluded volume and compare your result with the partial molar volume 
assuming that the partial specific volume is 0.75 cm?/ g. Comment on the result of this comparison. 
[Density of water at 27°C = 0.996 gicm? |] 

[Ans. (a) 1,56,200 and 2.2x107> mol cm? g~?; (b) 0.499, 1.1 m? mol! (cf. 0.12 m3 mol7!)] 


Polyisobutylene of molecular weight 1.46x10° was dissolved in toluene at 65°C and the solution was 
slowly cooled till it became turbid. Calculate an estimate of the volume fraction of polymer in the 
separated phase. [Polymer density = 0.92 g/cm? ; molar volume of toluene = 106.9 cm?/mol.] 

[Ans. 0.0082] 


Make suitable derivations from the Flory-Huggins theory to show that when phase separation takes 
place in a polymer solution, the proportion of x-mer in the polymer-rich phase increases as x increases. 
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3.13 


3.14 


3.15 


3.16 


3.17 


3.18 


3.19 
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A series of solutions of polyisobutylene fractions of different molecular weights (M) in ethylbenzene 
were slowly cooled and the temperature (Te) at which the stirred solution became turbid on slow cooling 
was recorded for each concentration. The values of T, together with polymer molecular weights are 
given below. 


Te, °C M 

24.4 8.2x10° 
23.8 1.8x10° 
17.0 1.8x10° 
10.7 5.4x104 


Calculate from the data an estimate of the theta temperature 0 and the entropic dilution parameter w. 
[Polymer density = 0.92 g/cm? ; molar volume of ethylbenzene = 122 cm?/mol] 
[Ans. 26°C; 0.849] 


The critical temperature (To) at which the solutions of cis-1,4-polybutadiene in n-heptane underwent 
separation into two phases were measured for three carefully fractionated polymer samples having 
different molecular weights (M). From the data, given below, determine the theta temperature (0) for 
the polymer in n-heptane. 


Mx10-> Tete 

295 -14.0 

940 -8.5 

1550 -6.8 
[Ans. —1°C] 


Calculate an estimate of the solubility parameter for acetone at 20°C from its heat of vaporization at 
the boiling point (56°C), given as (AH)56°¢ = 7231 cal/mol, and heat capacities in liquid and gaseous 
states, given by 


Cp (liquid) = 17.251 + 44.31x 10737 cal mol7! °K! 
Cp (gas) = 5.371 + 49.227x 1037 — 15.182x10-°T? cal mol“! °K! 


Density of acetone at 20°C = 0.791 g/cm? : 
[Ans. 9.82 (cal cm73)!/2 or 20.1 MPa!/?] 


Using the values of molar attraction constants from Table 3.2, calculate the solubility parameter values 
for (a) polystyrene (9 = 1.05 g/cm? ), (b) polyacrylonitrile (o = 1.18 g/cm’), and (c) poly(ethylene 
terephthalate) (p = 1.38 g/cm). 

[Ans. (a) 8.9; (b) 12.7; (c) 11.2, all in (cal cm73)!/7] 


Derive the following expression 
x = VEI - 62)°/RT 


which relates the Flory-Huggins interaction parameter y to the solubility parameters 6, and 62 of poly- 
mer and solvent, respectively. What are its limitations ? 


Calculate an estimate of the interaction parameter y for Buna-N rubber (butadiene-acrylonitrile copoly- 
mer) and n-hexane at 25°C from the solubility parameter of the solvent (6,) and the polymer (62). 
[Data: 5, = 14.7x10? (J m)"; 5) = 18.7x10? (J m™3)!/?; molar volume of n-hexane at 25°C = 
131.6 cm3/mol.] 

[Ans. 1.1] 


Dioctyl sebacate (6 = 8.7) which is used as a plasticizer for poly(vinyl chloride) is to be substituted 
by a mixture of tritolyl phosphate (6 = 9.8) and aromatic oils (6 = 8.0) on the basis of equal 6 value. 
Calculate the composition of the mixture. 

[Ans. Volume fractions: tritolyl phosphate 0.39, aromatic oils 0.61] 


Using Hansen parameters (Tables 3.5 and 3.6) determine if poly(methyl methacrylate) (PMMA) is 
expected to dissolve in a solvent mixture of 1:4 (by volume) chloroform/benzene. 


Polymers in Solution 155 


3.20 


3.21 


3.22 


3:23 


3.24 


3:25 


A nitrile rubber (butadiene-acrylonitrile copolymer, Buna-N) vulcanizate containing 34% acrylonitrile, 
56% butadiene, and 2% sulfur (by weight) has a y-value of 2.52 in n-hexane. Estimate (a) fraction of 
crosslinked units, (b) degree of crosslinking as represented by Me, and (c) maximum extent of swelling 
in hexane, expressed as volume of hexane imbibed per unit volume of vulcanizate. Assume that all 
sulfur in the vulcanizate is used in crosslinking and that, on average, each crosslink contains 8 sulfur 
atoms. [ Data: Rubber density = 1.00 g/cm?; molar volume of n-hexane at 25°C = 131.6 cm3/mol.] 
[Ans. (a) 0.0046; (b) 1.16x10* g mol7!; (c) 0.038] 


A natural rubber vulcanizate contains 96% polyisoprene and 1.5% (by wt.) sulfur. Calculate an estimate 
of (a) fraction of crosslinked units and (b) degree of crosslinking represented by Me. Assume that all 
sulfur is used in crosslinking and that, on average, one crosslink is formed for every 8 sulfur atoms. 
[Ans. (a) 0.004; (b) 1.64x10* g mol7!] 


Equilibrium swelling of a sample of acetone-extracted smoked natural rubber of number average molec- 
ular weight 2,23,000 was measured in several nonsolvents giving the following equilibrium values of 
polymer concentration (expressed as volume fraction of polymer, ¢2,,) in gel: 


Nonsolvents 2m 
Ethylacetate 0.443 
Dioxane 0.244 
Methyl ethyl ketone 0.498 
n-Butyl formate 0.140 
Isopentane 0.096 


Arrange the above nonsolvents in the order of increasing goodness based on the interaction parameter 
values at the miscibility limit determined from the swelling data. 

[Ans. Methyl ethyl ketone (0.771), ethyl acetate (0.724), dioxane (0.600), n-butyl formate (0.553), 
isopentane (0.535)] 


The following data were collected on the swelling of polybutadiene vulcanizates of different sulfur 
contents in toluene at 25°C : 


Sulfur content (wt, %) Maximum imbibition, Qm (vol./vol.) 


2 5.0 
4 3.5 
6 2.5 
12 1.65 


Calculate the number of crosslinks per atom of sulfur in the vulcanizates and comment on the results 
obtained. Assume y = 0.3 for the polymer-solvent system and p = 1.0 g/cm? for the vulcanizates. Molar 
volume of toluene at 25°C, V, = 107 cm?/mol. 

[Ans. 0.12, 0.11, 0.13, 0.13. An average value of number of crosslinks per atom of sulfur is 0.123, 
which indicates that approximately one crosslink is formed for every eight sulfur atoms on the average. ] 


Natural rubber of M„ = 2.23x10° was vulcanized with 2% sulfur. Calculate an estimate of the extent 
of swelling of the vulcanizate in benzene at equilibrium, given that the interaction parameter of rubber 
and benzene is 0.41. Assume that all sulfur is used in crosslinking and that there is, on the average, one 
crosslink for every eight sulfur atoms. [Data: Rubber density = 0.91 g/cm; molar volume of benzene 
= 89.4 cm?/mol.] 

[Ans. dom = 0.134, i.e., swelling to about 7.5 times the dry volume] 


The network polyurethane obtained by reacting a diisocyanate R(N=C=0) with pentaerythritol C(CH2 
OH); contains, according to an elemental analysis, 0.2% (w/w) nitrogen and has a density of 1.05 
g/cm? . The network polymer swells to 6 times its original volume when equilibrated with chloroben- 
zene (p = 1.10 g/cm, mol. wt. 112.5) at 27°C. Calculate an estimate of the polymer-solvent interaction 
parameter. 

[Ans. 0.435] 
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A crosslinked sample of butadiene-acrylonitrile copolymer undergoes 4% swelling in n-heptane. How 
much will it swell in cyclohexane if the values of the interaction parameter of the copolymer for n- 
hexane and cyclohexane are, respectively, 2.46 and 0.94. The molar volumes of n-hexane and cyclo- 
hexane at 25°C are 147.5 and 108.7 cm?/mol, respectively. 

[Ans. 49%] 


The intrinsic viscosities of polyisobutylene of molecular weight 5.58x10° in cyclohexane at 30°C and 
in benzene at 24°C (theta temperature) are 2.48 dL/g and 0.799 dL/g, respectively. Calculate (a) unper- 
turbed end-to-end chain length of the polymer, (b) end-to-end chain length of the polymer in cyclohex- 
ane at 30°C, and (c) volume expansion factor in cyclohexane at 30°C. Take ® = 2.5x1073 mol!. 
[Ans. (a) 562 A; (b) 821 A; (c) 4.0] 


Polyisobutylene fraction of molecular weight 540,000 was used for viscosity measurements in cyclo- 
hexane and benzene. The intrinsic viscosity values obtained were 2.48 dL/g in cyclohexane at 30°C 
and 0.80 dL/g in benzene at the theta temperature (24°C). The observed relation between molecular 
weight and unperturbed end-to-end distance is given by 


(r?yl2 = 0.76x 1078 M! cm 


Evaluate the total thermodynamic interaction (W — xK) for the polyisobutylene-cyclohex-ane system at 
30°C. [Data: Polymer density = 0.92 g/cm?; molar volume of cyclo-hexane = 109 cm?/mol at 
30°C.] 
[Ans. 0.129] 
Viscosity measurements were made on solutions of fractionated cis-1,4-polybutadiene samples in toluene 
at 30°C and in n-heptane at —1°C (theta temperature), yielding the following values of intrinsic vis- 
cosities (in dL/g): 

[7] in toluene [7]¢ in n-heptane 


Fraction at 30°C at -1°C 
1 1.056 0.508 
2 1.493 0.672 
3 2.267 0.890 


The viscosity-molecular weight relationship for the polymer in toluene at 30°C is given by 


[n] = 2.27x10-4 M075 


Derive a relationship between the unperturbed root-mean-square end-to-end distance of the polymer 
molecule and the molecular weight. The value of the universal parameter, ®, in toluene is 2.5x107! dL 
mol~! cm. 

[Ans. (r2)!? =0.91x10-8 M! cm] 
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APPENDIX 3.1 


Regular Solutions: Solubility Parameter 


A so-called “regular solution” is obtained when the enthalpy change (AHmix) is nonideal (i.e., non-zero, 
either positive or negative) but the entropy change (ASmix) is still ideal. So on the molecular level, while an 
ideal solution is one in which the different types of molecules (A and B, for example) behave exactly as if 
they are surrounded by molecules of their own kind (that is, all intermolecular interactions are equivalent), a 
regular solution can form only if the random distribution of molecules persists even in the presence of A-B 
interactions that differ from the purely A-A and B-B interactions of the original components A and B. This 
concept has proved to be very useful in the development of an understanding of miscibility criteria. 


The derivation given below follows that given in Rudin (1982). Consider a regular solution containing Na 
molecules of component A and Ng molecules of component B, and assume the following conditions: (a) Each 
molecule of A has a volume va and can make za contacts with other molecules, the corresponding values 
for component B being vp and zp, respectively. (b) Each A-A contact contributes an interaction energy waa, 
and the corresponding energies for (B-B) and (A-B) contacts are wgg and wap. (c) Only the first-neighbor 
contacts need to be taken into consideration and the mixing is random. So if a molecule is selected at random, 
one may assume that the probability that it makes contact with a molecule of a particular component is 
proportional to the volume fraction of that component. If this randomly selected molecule were of component 
A, its energy of interaction with its neighbors would thus be (zawaaNaVa/Vmix + ZA VABNBUB/Vmix), Where 
the total volume of the mixture Vmix is equal to (Va va +Ngvg). The energy of the interaction of Na molecules 
of component A with the rest of the system is then obtained by multiplying both the terms in the previous sum 
by Na and dividing the first term by 2, i.e., (zaWaaNx vA /2Vmnix +z, WABNANBUB/Vmix. (The division of the 
first term by 2 is necessitated by the fact that it takes two A molecules to make an A-A contact.) Similarly, 
the interaction energy of Ng molecules of component B with the rest of the system is zg wppNg U0B/2Vmix + 
ZBWABNANBVA/Vmix. The total contact energy of the system Æ; is given by the sum of the interaction energies 
of A-A, B-B, and A-B contacts in the system. 


Interaction energy of A-A contacts = zawaa N2 VA/2V mix (A3.1) 
Interaction energy of B-B contacts = zg woppNg 0p/2Vmix (A3.2) 


Interaction energy of A-B contacts = 


l [zawaBNaNgvB | zB@aBNANBVA 


(A3.3) 
2 Vinix Vinix 
Therefore, 
E; = [za@aaNiva + WapNaNp(zavp + ZBUA) + ZB@BBNG eB ]/2Vmix (A3.4) 
After substituting Vmix by Nava + Ngvp, Eq. (A3.4) can be written as 
NaNp 
E, = Na(4tzaw + Np (tzpw + ——— 
t a ($za Aa) p ($zB BB) INAvA + Nave) 
<[WaB(ZavB + ZBVA) — WAAZAUB — WBBZBVA] (A3.5) 
In order to eliminate wap it may be assumed that 
1/2 
bons % z) = [Ao Bee | (A3.6) 
OA OB OA OB 


In effect, this takes wap to be equal to the geometric mean of waa and wgg. The geometric mean 
rule, based partly on theoretical principles and partly on observation, is expected to hold, however, only in 
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situations where dispersion forces provide the only significant interaction energy. 
With the help of Eq. (A3.6), Eq. (A3.5) can be written in the form 


ZAWAA ZBWBB 

rN eee 
2 yD K 
NaNpvavp (ee JE (c= )"| 


~ NADA + Npvp 20a 2vB 


E; = Na 


(A3.7) 


The first two terms on the right hand side of Eq. (A3.7) represent the interaction energies of individual 
components A and B, while the last term represents the change in internal energy AEmix of the system when 
the species are mixed. Assuming that the contact energies are independent of temperature, the enthalpy 
change on mixing (AHmix) is thus seen to be 


NaN; 1/2 1/272 
AB = Age = << A BEATE (5) z (==) (A3.8) 
Nava + NBUB 20a 2B 
1/2 1/2 


Since the terms (zawaa/2va) ^ and (zgwgg/2vg) 
tively, Eq. (A3.8) can be recast into the form 


represent solubility parameters ôa and dp, respec- 


NaNpvavp 2 
AA mix = | ] a - ô 
mix (ae + od (ôa B) 


NAVA NBUB 2 
= 6 = Ô V, i 
( Ve )( Vix ( A B) mix 


= $4 63 Vmix (OA — 6B)” (A3.9) 


where ġa and ¢g are volume fractions of components A and B in the mixture. 
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Polymer Molecular Weights 


4.1 Introduction 


If the molecular weight and molecular weight distribution for a polymer are known along with a 
good understanding of its chain conformation, many properties of the polymer can be predicted. 
While polymer chain conformations were discussed in Chapter 2, polymer molecular weights are 
dealt with in the present chapter. 

Not only are polymer molecular weights very large, typically ranging from a few thousand 
to a million or more; unlike conventional chemicals, the molecular weight within any polymer 
sample is not uniform. Owing to this heterogeneity, the numerical value assigned to the molecular 
weight of a polymer depends on the way in which the heterogeneity is averaged. Thus, if the 
molecular weight is computed by dividing the total mass by the total number of molecules, which 
is equivalent to weighting the molecular weight of each species by its mole fraction, then we 
obtain the number-average molecular weight M,. Alternatively, the molecular weight of each 
species may be weighted by its weight fraction to give the weight-average molecular weight Mw. 
The relation between M„ and M,, depends on the form of molecular weight distribution. Only for 
a homogeneous sample of a polymer are the two averages equal, and otherwise M,, > Mn. 

The principal methods for the measurement of the number-average molecular weight M„ make 
use of the well-known properties of dilute solution, such as osmotic pressure, elevation of the boil- 
ing point, and depression of the freezing point (i.e., the colligative properties of solutions), since 
these properties are all proportional to the number of dissolved solute molecules. Measurement of 
the turbidity of a dilute polymer solution, i.e., the intensity of light scattered relative to the intensity 
of the incident beam, is the standard method for obtaining M,,. Gel permeation chromatography 
is essentially a process for the separation of polymer molecules according to their size and affords 
determination of both M,, and M,,. The most widely used characterization procedure is, however, 
viscosity because it is the easiest of the various methods and requires no complicated instrument. 
All these methods are described in this chapter. 


4.2 Molecular Weight Averages 


4.2.1 Arithmetic Mean 


The distribution of molecular weights in a polymer sample is commonly expressed as the pro- 
portions of the sample with particular molecular weights. The various molecular weight averages 
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Figure 4.1 (a) A normalized differential number distribution curve. (b) A normalized integral number dis- 
tribution curve. 


used for polymers can be shown to be simply arithmetic means of molecular weight distributions. 

Let us assume that unit volume of a polymer sample contains a total of A molecules consist- 
ing of a; molecules with molecular weight Mı, a2 molecules with molecular weight M2, ..... aj 
molecules with molecular weight M;. The arithmetic mean molecular weight M is then the total 
measured quantity divided by the total number of molecules : 


u aıiMı + aM + --: + ajM; 


aq) +a +++: + aj 
_ aM) + aM + > + ajMj 
g A 
d1 a? aj 
= —M, + =M +::: + —M; 4.1 
A 1 A 2 A j ( ) 


The ratio a;/A represents the proportion of molecules with molecular weight M;. Denoting this 
proportion by fj, the arithmetic mean molecular weight will be given by 


M = iM + fıMı a wl fiMji = È, fiM; (4.2) 


Equation (4.2) gives the arithmetic mean of the distribution of molecular weights. Almost all 
molecular weight averages can be related to this equation. 


4.2.2 Number-Average Molecular Weight 


If we substitute the proportion of species f;, which have molecular weight M;, by the corresponding 
mole fraction n; in Eq. (4.2), we obtain the definition of number-average molecular weight, Mn, 
representing the number distribution : 


M — Mi = Mn (4.3) 
i 
The mole fraction n; is also the differential number function, and a plot of n; versus M; represents a 


differential number distribution curve, as shown in Fig. 4.1(a). The distribution being normalized, 
the scale of the ordinate in this figure goes from 0 to 1, and the area under the curve is unity. 
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The cumulative number (or mole) fraction is defined as 
ÂM) = Dini (4.4) 
i 


where n; is the mole fraction of molecules with molecular weight M; and n(M;) is the cumulative 
mole fraction with molecular weight < Mj. A plot of A(M;) against the corresponding M; yields an 
integral number distribution curve, as in Fig. 4.1(b). The units of ordinate are mole fractions and 
extend from 0 to 1; the distribution is therefore said to be normalized. 

While Eq. (4.3) gives a simple definition of the number average molecular weight M,, we 
can derive other equivalent definitions following a simple arithmetic. For this let us define the 
following terms, some of which have already been used above. 


ni: mole fraction of species i (that is, molecules of same size 
with molecular weight M;) in a sample 

N;: moles of species i 

N: total of all N;’s 

wi: weight fraction of species i 

W; : weight of species i 

W : sum of all W;’s 


It now follows that ni = Ni/ > N; = Ni/N (4.4a) 
Wi = NM; (4.4b) 
wi = Wild Wi = NiMil >) NM; (4.4c) 

and X=NiM; 

M, = Sas = 4.5 
n » l l XN; ( ) 

: 1 
ee Degen ee (4.6) 


LN X(Wi/Mi) X(wi/Mi) 
The number-average degree of polymerization, DP, is defined as 


=> Number-average molecular weight 


DP, = 7 
Mer weight 
Mn È niMi 
= VA = M, = 2 NiXi (4.7) 
which may also be written as DP, = 5 PE (4.7a) 
n ~~ X' . 
where n, is the number fraction of molecules containing x number of repeating units. 
Alternatively, from Eq. (4.6) 
—_ M, 1 1 
DES ra = es (4.8) 
Mo Mo X(wi/Mi) L(wi/xi) 
which may also be written as 
DP, = 1/ ¥\(wx/x) (4.8a) 


where wy is the weight fraction of molecules containing x number of repeating units. 
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Figure 4.2 (a) A normalized differential weight distribution curve. (b) A normalized integral weight distri- 
bution curve. 


4.2.3 Weight-Average Molecular Weight 


The situation for weight distribution corresponds to that for a number distribution described in the 
previous section. Thus recording the weight of each species in the sample, instead of the number 
of molecules of each size, would give a weight distribution. The differential weight fraction is 
simply the weight fraction w;, while the integral (cumulative) weight fraction w(M;) is given by 


M) = wi (4.9) 


and is equal to the weight fraction of all species with molecular weight not greater than Mj. 

A plot of w; against M; yields a normalized differential weight distribution curve, as in Fig. 
4.2(a) and that of w(M;) against M; yields a normalized integral distribution curve, as in Fig. 4.2(b). 
The scale of the ordinate in both these figures goes from 0 to 1. Substituting w; for f; in Eq. 
(4.2) produces the following expression for the arithmetic mean of the weight distribution : 


M = wim; = Mw (4.10) 


Mw is the weight-average molecular weight. Combining Eqs. (4.10) and (4.4c) it can also be 
expressed as 
EN; M? 


M, = (4.11) 
È Ni Mi 


The weight-average degree of polymerization, DP, is defined as 


Weight-average molecular weight 
DP, = =— aA 


Mer weight 
My 2 wiMi 
= M, = Mm = > WiXj (4.12) 
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which may also be written as 
DPy = » WyX (4.12a) 


where wy is the weight fraction of molecules containing x number of repeating units. 

If all species in a polymer sample have the same molecular weight (that is, the polymer is 
monodisperse) then M, = My = M; (M; denotes the z-average molecular weight). Such monodis- 
persity is, however, not found in synthetic polymers and it is always true that M, > Mẹ, > M„. The 
ratio M,,/M,, called the polydispersity index (PDI), is commonly used as a simple measure of the 
polydispersity of the polymer sample, though it is not a sound statistical measure of the distribu- 
tion breadth. The breadth and shape of the distribution curve are characterized more appropriately 
with parameters derived from the moments of distribution. 


4.3 Molecular Weights in Terms of Moments 


In the previous section we have seen that average molecular weights are arithmetic means of 
distributions of molecular weights. An alternative and generally more useful definition of average 
molecular weights is, however, obtained in terms of moments of distribution (Rudin, 1982). 

A moment in mechanics is generally defined as Uf = Qd J, where U; is the jth moment, about 
a specified line or plane a of a vector or scalar quantity Q (e.g., force, weight, mass, area), d is the 
distance from Q to the reference line or plane, and j is a number indicating the power to which d is 
raised. [For example, the first moment of a force or weight about an axis is defined as the product 
of the force and the distance of the line of action of the force from the axis. It is commonly known 
as the torque. The second moment of the force about the same axis (i.e., j = 2) is the moment of 
inertia.| If Q has elements Q;, each located a distance d; from the same reference, the moment is 
given by the sum of the individual moments of the elements : 


Uf = J Qidi (4.13) 


In applying Eq. (4.13), the ordinate at M = 0 in the graph of the molecular weight distribution 
[Figs. 4.1(a) and 4.2(a)] is commonly chosen as the reference, though it is usually not mentioned 
explicitly. The distance d; from the reference line is measured along the abscissa in terms of the 
molecular weight M;, while the quantity F; is replaced by the quantity or proportion of polymer 
with molecular weight M;, and j assumes a wider range of values (0, 1, 2, 3, ...) than in mechanics. 
A general definition of a statistical moment of a molecular weight distribution taken about zero is 
then 


U! = J qM} (4.14) 


where q; is the quantity of polymer in the sample with molecular weight M;. The prime superscript 
(’) used on the symbol indicates that the moment is taken about the M = 0 axis. It requires to define 
qi appropriately and assign numerical values to j to obtain equations for different moments of dis- 
tribution. To distinguish between number distribution and weight distribution we shall henceforth 
use the notation „U to refer to a moment of the number distribution and „U to denote a moment 
of the weight distribution. 


Problem 4.1 Write general equations for statistical moments for (a) number distribution and (b) weight 
distribution of molecular weights. 
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Answer: 


(a) Number distribution 


Unnormalized: „U? = YNjM/ (P4.1.1) 
Normalized: „Uf = DnjM/ (P4.1.2) 
(b) Weight distribution 

Unnormalized: „U! = DWiM/ (P4.1.3) 
Normalized: „U? = ZwmMj (P4.1.4) 


Weight distributions are commonly encountered during analysis of polymer samples, while number dis- 
tributions are more useful in consideration of polymerization kinetics. 


4.3.1 Ratio of First and Zeroth Moments 


In general terms, the ratio of the first moment to the zeroth moment of any distribution gives the 
arithmetic mean. For an unnormalized number distribution, the zeroth (j = 0) and first (j = 1) 
moments of the distribution about zero are given, respectively, by [cf. Eq. (P4.1.1)]: 


„Ug = SN OR = XN =N (4.15) 


nU; = X NM)’ = J, NiMi (4.16) 


The ratio of these moments is the arithmetic mean of the number distribution and by comparing 
with Eq. (4.5) we can write 


= U? = 
M = "y = ENMILN = M, (4.17) 
n™0 


The arithmetic mean of an unnormalized weight distribution is likewise given by [cf. Eq. (4.10)]: 


= Uf £W; (Mi)! ALE ee 
Me eo Se ee eS S iM; = M 4.18 
„U ACAD im A'M i ae 


In the above two examples, we have chosen unnormalized distributions. For normalized dis- 
tributions, the area under the curve for the differential number distribution [Fig. 4.1(a)] or weight 
distribution [Fig. 4.2(a)] equals unity. That is, 


= Sy = Xni = 1 (4.19) 
WUS = X} wi (M? = Sw = 1 (4.20) 


It is now seen from Eqs. (4.17) and (4.18) that the arithmetic mean is numerically equal to the first 
moment of the normalized distribution. 
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4.3.2 Ratios of Higher Moments 


We may define an average, in general, as the ratio of successive moments of the distribution. We 
have seen above that M„, the number average molecular weight, is equal to the ratio of the first to 
the zeroth moment of the number distribution. In the same way, the ratios of successively higher 
moments of the number distribution give other average molecular weights (Rudin, 1982): 


Wy _ ENIM? _ > 


= — = M 4.21 
iU NM; x n 
UL M? — 
nU; _ ÐNMi M, (4.22) 
nU3 EN; M? 
U? N;Mî Zo 
el E A NE Mz+1 (4.23) 


nU; ENM? 


This process can be continued to obtain other higher averages. The averages commonly used in 
practice are, however, limited to M,, Mw, M;, and the viscosity average molecular weight Mp. 
While M,,, Mw, and Mo may be obtained by direct measurements (see later), it is usually necessary 
to measure the detailed distribution of molecular weights to estimate M, and other averages. My 
is given by 
1/a 

(4.24) 


v = 


m = Ear 
UN Mi 


where a is a constant. A derivation of Eq. (4.24) is given in a later section. Combination of Eq. 
(4.24) with Eq. (4.4c) gives 


= wm" If 
a ea = [Z wm] (4.25) 
In terms of moments, My is given by 
— U! 1/a 
M, = |: e | (4.26) 
nU] 
and 
— „1l 
Masi [wi] (4.27) 


corresponding to number distribution and weight distribution, respectively. 


Problem 4.2 A sample of poly(vinyl chloride) is composed according to the following fractional distribu- 
tion: 


Weight fraction, w; 0.04 0.23 0.31 0.25 0.13 0.04 
Mean mol. wt., Mi x 10 7 11 16 23 31 39 


(a) Compute Mn, Mw, and M,. 
(b) How many molecules per gram are there in the polymer ? 
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Answer: 


The w; vs. M; data are used to make the following table : 


eee 
i Mi wiMi wi/Mi wiM; 


0.04 7,000 280 0.57x10~> 1.96x10° 


0.23 11,000 2,530 2.09x10~> 2.78x10! 
0.31 16,000 4,960 1.94x107> 7.94x10! 
0.25 23,000 5,750 1.09x107-> 1.32x108 
0.13 31,000 4,030 0.42x107> 1.25x108 


0.04 39,000 1,560 0.10x107> 6.08x10! 
S 19,110 6.21x10~> 4.27x108 


(a) From Eqs. (4.6), (4.10), and (4.22): 


1 1 


= ——_ = ______ = 16,100 
Lw/M) 6.21 10-5 


My = },wiMi = 19,110 


y, = ENM? _ EwiM? _ 427x10 _ ay 
A EN;M? XwiMi 1910 7” 


(b) Number of molecules per gram = (>) w;/Mj;) x (Avogadro’s number) = (6.21 x 1075) x 
(6.02 x 1073) = 3.74x10!? molecules/g. 


4.4 Molecular Weight Determination 


The different methods of molecular weight determination can be divided into two categories: abso- 
lute methods and secondary methods. Absolute methods give values that provide a direct estimate 
of the molecular weight. Secondary methods, on the other hand, yield comparisons between the 
molecular weights of different polymers and must be calibrated with a reference molecular weight 
that has been studied by one of the absolute methods. Measurements of colligative properties, light 
scattering, and sedimentation under ultracentrifugation of polymer solutions are several methods 
for the determination of absolute molecular weights. Ultracentrifugation experiments yield M, 
values. They are used primarily for biological polymers. Among the absolute methods, only the 
osmotic method and the light scattering method are given primary consideration in this chapter. 
Other absolute methods are only briefly discussed. 

The secondary methods, such as solution viscosity and gel permeation chromatography, re- 
quire prior establishment of empirical relationships that relate the molecular weight to the vis- 
cosity of the polymer solution or to the retention times in a gel-permeation column. Once such 
calibration has been done, the secondary methods provide a fast, simple, and accurate way to ob- 
tain molecular weights. The solution viscosity and gel permeation chromatography methods are 
described in a later part of this chapter. 
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4.4.1 End-Group Analysis 


End-group analysis can be used to determine M, of polymer samples if the substance contains 
detectable end groups, and the number of such end groups per molecule is known beforehand. 

End-group analysis has been applied mainly to condensation polymers, since these polymers 
by their very nature have reactive functional end groups. The end groups are often acidic or basic in 
nature, as exemplified by the carboxylic groups of polyesters or the amine groups of polyamides; 
such groups are conveniently estimated by titration. From the experimental data M,, is derived 
according to 

1T f.w.e 


M, (4.28) 
a 


where f is the functionality or number of reactive groups per molecule in the polymer sample, w 
is the weight of the polymer, a is the amount of reagent used in the titration, and e is the equivalent 
weight of the reagent. 


Problem 4.3. A sample (3.0 g) of carboxyl terminated polybutadiene (CTPB) required titration with 20 mL 
0.1 N KOH to reach a phenolphthalein end point. Calculate M, of the polymer. 


Answer: 


Here f =2eqmol!, e=56geq!, w=3.08 


(20mL)(0.1 eqL-!)(56 geq7!) 
a = 
(1000mLL~!) 


= 0.112g 


a 2 1-!)(3.0 g)(56 =l 
From Eq. (4.28), M, = Camo DGO D56 ged ) 2 3000 g mol! 
0.112 g) 


End-group analysis yields the equivalent weight of the polymer, Me, which is the mass of the 
polymer per mole of end groups and related to M„ by 


Me = M,/f (4.29) 


The functionality f of low-molecular-weight functionalized prepolymers (e.g., polyether polyols 
used in the preparation of polyurethanes) is often determined by combining the functional group 
analysis (which yields the equivalent weight of the polymer, Me) with another suitable method of 
molecular weight (M,,) determination, such as vapor phase osmometry. Note that in this respect 
the functional groups do not have to be end groups. 


Problem 4.4 A sample (2.0 g) of polyether polyol prepolymer (MW, = 2048) dissolved in chlorohydrocar- 
bon solvent was treated with excess succinic anhydride to convert each hydroxyl group in the polyol to a 
carboxyl group by formation of succinic half-ester. A sample (1.0 g) of this treated polymer recovered from 
the solution by precipitation (in excess of ethanol) required 12.8 mL of N/10 KOH for carboxyl titration. 
Determine the hydroxy] functionality of the polyol. 


Answer: 


One molecule of succinic anhydride is added to each hydroxyl group, 
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CH, CO 


—oOH +t O —> —OCOCH,CH COOH 
CHC 


Carboxyl end group in 1 g of succinic 
anhydride-reacted polymer (SAP) = (12.8 mL)(0.1x107? mol mL!) = 1.28x107? mol 


Equivalent weight (mass per mol of carboxyl group) of SAP = (1 g)/(1.28x10-3 mol) = 781 g mol~!. Since 
the molar mass of succinic anhydride = 100 g mol~!, equivalent weight (mass per mol of hydroxyl group) of 
polyol, Me = (781 — 100) or 681 g mol7!. 
Now from Eq. (4.29), 

Mn 2048 g mol”! 


= = > 3 
f Me 681 g mol”! 


The end-group analysis method for M, determination cannot be used in many cases of practical 
interest because f in Eq. (4.28) is not known. This is particularly true for branched or crosslinked 
polymers with variable number of end groups per molecule. There is also the problem of selecting 
a suitable solvent to dissolve the polymer. 


4.4.2 Colligative Property Measurement 
4.4.2.1 Ebulliometry (Boiling Point Elevation) 


In applying this method, the boiling point of a solution of known concentration is compared to 
that of the solvent at the same pressure. For ideally dilute solutions, the elevation of the boiling 
point, T — Tp, is related to the normal boiling temperature of the solvent Tp, its molar latent heat of 
evaporation Le, and molecular weight M; , and also to the molecular weight of the solute M2, and 
relative weights of solvent and solute W; and W2, respectively, by 


Al, = T- = ee ged (4.30) 


For convenience, Eq. (4.30) is rewritten as 


RT2M, 1000W> 
AT, = b =k 4.31 
: 1000L, WM» enn (an 


where ke = (R (ie M,)/(1000L,) is the molal boiling-point elevation constant of the solvent and 
mz is the solute molality (in units of moles per kilogram), given by m2 = (1000 W2)/(W, M2). For 
benzene, for example, 


(1.987 cal mol”! °K7!)(353 °K)*(78 gmol!) 


ke 
(1000gkg~!)(7, 497 cal mol!) 


= 2.6 °K kg mol"! 


Some other values of ke calculated in this way are: water 0.51, acetic acid 3.0, benzene 2.5, 
acetone 1.7, methyl alcohol 0.8, chloroform 3.8, carbon tetrachloride 5.0. 

To determine a molecular weight, one measures AT, for a dilute solution of solute in solvent 
and calculates m2 from Eq. (4.31). The molecular weight M2 of the solute then equals the value 
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of (1000 W2)/(W; m2). Ebulliometry, like end-group analysis, is limited to low-molecular-weight 
polymers. By use of thermistors sensitive to 0.0001°C, it is possible to measure molecular weight 
values up to 50,000, although typical limits (using Beckman thermometer with temperature differ- 
ence measurement accuracy of 0.001°C) are 5,000. 


4.4.2.2 Cryoscopy (Freezing Point Depression) 


Calculation of the freezing-point depression of the solvent and hence the molecular weight of 
the solute by this method proceeds exactly the same way as for the boiling-point elevation. For 
cryoscopy of ideal solutions, equations corresponding to those for AT, and ke are ATy = —kf m 
and ky = (RT? M,)/(A000L¢), where ATy = T — Ty is the freezing-point depression, Ty is the 
freezing point of pure solvent, and Ly is the molar latent heat of fusion. The solvent’s molal 
freezing-point depression constant ky is calculated in the same way as ke is calculated in ebulliom- 
etry. For water, for example, 


1.987 calmol”! °K7!)(273°K)2(18.01 r! 
kp = CRU E U a eee) = 1.86°K kgmol™! 
` (1000 gkg ~)(1,436calmol ) 


Some ky values so obtained are: water 1.8, acetic acid 3.8, benzene 5.1, succinonitrile 20.3, 
camphor 40. The large kf of camphor makes it especially useful in molecular weight determina- 
tions. Like ebulliometry, the cryoscopic method is also limited to relatively low-molecular-weight 
polymers with M, up to 50,000. 


4.4.2.3 Membrane Osmometry 


Osmotic pressure is the most important among all colligative properties for the determination 
of molecular weights of synthetic polymers (see Table 4.1 for comparison). To explain osmotic 
pressure, let us imagine a box (Fig. 4.3) divided into two chambers by a semipermeable membrane 
that allows the solvent to pass through it but not the solute. Suppose that the right chamber is 
filled with pure solvent A and the left chamber with a solution of B in A such that initially the 
heights of the liquids in the two capillary tubes are equal. The chambers are thus initially at equal 
pressures, that is, Pr = Py, where the subscripts stand for right and left. Let us assume that thermal 
equilibrium is always maintained, that is, Tr = T; = T. 

The chemical potential of the solvent A on the right ua R is p}, representing chemical potential 
of pure solvent A. If the solution on the left is dilute enough to be considered ideally dilute, then 
Ha,L = Hi + RT \nxa, which is less than a,r = u4, since x4 being mole fraction of A in solution 
is less than 1. Since tar > HAa,L, Solvent A will flow through the membrane from right to left and 
the liquid height in the left tube will rise, thereby increasing the pressure in the left chamber. For 
an ideally dilute solution, the partial molar volume V4 for the solvent is the same as for the pure 


Table 4.1 A Comparison of Colligative Properties of a 1% (w/v) 
Solution of Polystyrene of Molecular Weight 20,000 in Benzene 


Property Value 
Vapor pressure lowering 0.004 mm Hg 
Boiling point elevation 0.0013°C 
Freezing point depression 0.0025°C 
Osmotic pressure 15 cm solvent 


Source: Billmeyer, Jr., 1984 
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of BinA 


Semipermeable 
membrane 


Figure 4.3 Schematic diagram showing the development of osmotic head as a function of time, where hı 
represents the initial liquid levels, h? the levels after some time, and h3 the levels when equilibrium is attained. 


solvent, i.e., Va = Vy, and since, in general, (Ou;/OP ) = V;, one can write (Ou,/OP )r = Va = Vi. 
Since Vj is positive, the increase in pressure will increase 4,7, until finally equilibrium is reached, 
that is, 4A, = HAR = Hà. (Note that the membrane being impermeable to solute B, there is no 
equilibrium relation for ug.) 

Let the equilibrium pressures in the right and left chambers be P and P + II, respectively. The 
difference in pressures, viz., II, is the osmotic pressure. This extra pressure makes the chemical 
potential of the solvent (ua) in solution equal to that (w%,) in pure solvent. If the solution in the left 
chamber is dilute enough to be considered as ideally dilute, then at equilibrium 4A,R = HA,L, OF 


(ET) = (P+O, T) + RTInx, (4.32) 
where the right side of the equation follows from the general relation: u; = u? + RT Inx;. Since 
(Ou;/OT)p = —S; and (ðu;/3P)r = Vj, it follows that dul, = —S4,dT + VidP. Thus, at constant T, 
du’, = VidP. Integration from P to P + I] then gives 

P+II 
HAP +N, T) - a (P,T) = f VidP (4.33) 
P 


Substitution of Eq. (4.33) into Eq. (4.32) gives 


P+O 
RT Inxa = — {, Vi dP (4.34) 
P 


Considering that liquids are rather incompressible, V; would hardly vary with pressure and we can 
take V} as practically constant. The integral in Eq. (4.34) then becomes Vy II and Eq. (4.34) thus 
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gives II = —(RT/V})Inx4. With x4 = 1—xg, we have Inx4 = -xg ~x},/2 —+++=—xpg, where, since 
xg < 1, we can neglect a and higher powers. Therefore, 


O = (RT/V!)xp (4.35) 


Since the solution is quite dilute, we have xg = (ng)/(n4 +ng) = ng/na and therefore, 
T= —— (4.36) 


where n4 and ng are the number of moles of solvent and solute in the solution that is in equilibrium 
with pure solvent A across the membrane. 


Problem 4.5 A solution containing 1.018 g of a protein per 100 g of water is found to have an osmotic 
pressure of 10.5 torr at 25°C. Estimate the molecular weight of the protein. 


Answer: 


10.5 t 
The osmotic pressure (in atm) is: II = ete 0.0138 atm. 
760 torr/atm 


For water: density at 25°C and 1 atm = 0.997 g cm~?; molar mass = 18.0 gmol7!. So, Vi = 18.054 
em? mol7! and ng = (100 g)/(18.0g mol7!) = 5.555 mol. 


From Eq. (4.36): 


TIV; na 
ng = 
RT 
0.0138 atm)(18.054 cm? mol7!)(5.555 mol 
a uaa SA IE O92 OE 215.6800 tol 
(82.06 cm? atm mol7! °K~!)(298°K) 
Hence, M = (1.018 g) /(5.659 x 1075 mol) = 18,000 g mol! 


Since the solution is quite dilute, the solution volume V is approximately equal to that of the 
solvent naV? and Eq. (4.36) becomes 


OV = ngRT (4.37) 
or Tl = CRT (4.38) 


where the concentration Cg in moles/volume equals ng/V. Both Eq. (4.37), which has formal 
resemblance to the equation of state for an ideal gas, PV = nRT, where n is the number of moles 
of gas in volume V, and the equivalent Eq. (4.38) are called the van’t Hoff law. It is valid in the 
limit of infinite dilution, where the solution behaves ideally. The osmotic pressure in a nonideally 
dilute two-component solution is, however, given by 


Tl = RT (Mg!cp + Ach + Asch +) (4.39) 


which has formal resemblance to the virial equation for gases. In Eq. (4.39), Mpg is the solute 
molecular weight and cg is the solute mass concentration defined as cg = mg/V, where mg is the 
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mass of solute B in the solution of volume V. The quantities A2, A3, ... are related to the solute- 
solvent interaction and are functions of temperature. In the limit of infinite dilution, cg approaches 
zero, and Eq. (4.39) approximates to 


II = RTcp/Mp = RTmp/MpV = RTnp/V Z CpRT (4.40) 


which is the van’t Hoff law [Eq. (4.38)]. 


Problem 4.6 Find the osmotic pressure of a solution of 1.0 g glucose (C6H1206) in 1000 cm? of water at 
1 atm and 25°C. 


Answer: 


Molar mass of glucose = 180.16 g mol7!;_ ng = (1.0 g)/(180.16 g mol~!) = 0.00555 mol. Substitution in Eq. 
(4.37) gives 


(0.00555 mol)(82.06 cm? atm mol! °K~!)(298°K) 
(1000 cm3) 
0.135 atm = 102.6torr 


Note the large value of II even for the very dilute (0.0055 mol/L) glucose solution. Since the density of water 
is 1/13.6 times that of mercury, an osmotic pressure of 102 torr (102 mm Hg) corresponds to a height of 10.2 
cm x 13.6 = 139 cm = 4.5 ft of liquid in the left-hand tube in Fig. 4.3. This large value of IT is required 
to increase the chemical potential of A in the solution to that of pure A, since the chemical potential of a 
component of a condensed phase is rather insensitive to pressure. 


Though the osmotic pressure, according to Eq. (4.40), is inversely proportional to solute 
molecular weight, the relatively large, measurable values of II obtained even for dilute solutions 
(see Table 4.1) make osmotic pressure measurements valuable in determining molecular weights 
of substances with high molecular weights like polymers. 


Virial Equations The osmotic data of a real solution are expressed, according to Eq. (4.39) and 
omitting the subscript for solute, as 


1 
— = RT| tacte (4.41) 
c M 


where A and A3 are called the second and third virial coefficients. Two alternative forms of Eq. 
(4.41) are 
II RT 
= 2 Jetra eo 4.42 
aa ae oe as (4.42) 
and 
II RT 
SP ROE OG +- (4.43) 
c M 


Obviously, the three forms of the virial equation are equivalent (Rudin, 1982), if 
B = RTA = (RT/M)I2 (4.44) 


The virial coefficients are often reported in the literature without specifying the equation to which 
they apply, and this can usually be deduced by inspecting their units. 
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At low solution concentrations, the c? terms in any of the above virial equations, Eqs. (4.41) to 
(4.43), will be very small, and the data of II/c versus c will be expected to be linear with intercepts 
at c = 0 yielding values of M~! and slopes giving the second virial coefficient of the polymer 
solution. 

The value of the third virial coefficient 3 in Eq. (4.42) is often assumed to be equal to (T 2/2), 
so that Eq. (4.42) can be rewritten as 


Gu = (Ar) a + 5020) (4.45) 


This form is sometimes convenient to use for extrapolation of II/c data to zero concentration 
because, for solutions in good solvents, plots given by Eqs. (4.41)-(4.43) are not linear. 


Problem 4.7 Show that the molecular weight determined from osmotic pressure measurements is the num- 
ber average molecular weight. 


Answer: 


Consider a whole polymer to be made up of a series of monodisperse macromolecules i with concentration 
(weight/volume) c; and molecular weight M;. For each monodisperse species i one can write from Eq. (4.41) 
for very dilute solutions: I; = RTc;/Mj. For the polydisperse polymer, I = XII; = RT }(ci/Mi) and 
c = Yci = YWwi/V ), where w; is the weight fraction of species i in volume V. For the osmotic molecular 
weight one can then write : 


TI 
—RTXci 1 = 
= RTS(GIM) Zom ` e Fom Eq (46) 


= RTc 
M 


The nonideality of polymer solutions is incorporated in the virial coefficients. Predicting non- 
ideality of polymer solutions means, in reality, predictions of the second virial coefficient. Better 
solvents generally produce greater swelling of macromolecules and result in higher virial coeffi- 
cients. Most polymers become more soluble in their solvents as the temperature is increased which 
is reflected in an increase of the virial coefficient. Conversely, the second virial coefficient reduces 
as the temperature is reduced and at a sufficiently low temperature it may actually be zero. This is 
the Flory theta temperature, which has been defined in Chapter 3 as that temperature at which a 
given polymer of infinitely high molecular weight would be insoluble at great dilution in a given 
solvent. 


Practical Aspects of Osmometry In static osmometers, the heights of liquid in capillary tubes 
attached to the solvent and solution compartments (Fig. 4.3) are measured. At equilibrium, the 
hydrostatic pressure corresponding to the difference in liquid heights is the osmotic pressure. The 
main disadvantage of this static procedure is the length of time required for attainment of equilib- 
rium. 

It may be noted that the osmotic pressure is essentially the extra pressure that must be applied 
to the solution to maintain equilibrium when solution and pure solvent are separated by a semiper- 
meable membrane. This extra pressure can be measured by attaching a counter pressure device to 
the solution tube (Fig. 4.3). 


174 Chapter 4 


Servo - 
Motor Amplifier 


Solution 


Elevator 


reservoir 


Optical i 


detector Bubble 


ANNL 


Figure 4.4 Schematic diagram of essential components of a high-speed membrane osmometer. (Hewlett- 
Packard Corp., Avondale, Pa.) 


This method of determining the osmotic pressure is conveniently referred to as the ‘dynamic equi- 
librium’ technique. It is especially useful when rapid determinations of osmotic pressure are re- 
quired. Dynamic osmometers reach equilibrium pressures in 10 to 30 minutes, as compared to 
hours in the static method, and indicate osmotic pressure automatically. There are several types. 
Some models employ sensors to measure solvent flow through the membrane and adjust a coun- 
teracting pressure to maintain a zero net flow. In a commercially available high-speed membrane 
osmometer, schematically shown in Fig. 4.4, the movement of an air bubble inside the capillary 
immediately below the solvent cell is used to indicate this solvent flow. Such movement is im- 
mediately detected by a photocell, which in turn is coupled to a servomechanism that controls the 
flow. 

The data obtained by osmotic pressure measurements are pressures (osmotic heads) in terms of 
heights (A) of solvent columns at different concentrations (c) of the polymer solution. In applying 
the data, h/c is plotted against c and extrapolated to c = 0, yielding the value of (h/c). The column 
height A is then converted to osmotic pressure II by II = hpg, where p is the density of the solvent 
and g is the gravitational acceleration constant, and M, is calculated from Eqs. (4.41)-(4.43), 
which in the limit of c — 0 reduce to 


(=) = = (4.46) 


The second virial coefficient can be obtained from the slope of the straight line portion of the 
(II/c) versus c plot by removing the c? terms in Eqs. (4.41)-(4.43). When plotted according to 
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Figure 4.5 Schematic illustration of the effect of solvating power of solvent on reduced osmotic pressure 
(II/c) versus concentration (c) plots for the same polymer. (After Rudin, 1982.) 


Eq. (4.41), the osmotic pressures of solutions of the same polymer in different solvents should 
yield plots with the same intercept (at c = 0) but with different slopes (see Fig. 4.5), since the 
second virial coefficient, which reflects polymer-solvent interactions, will be different in solvents 
of differing solvent power. For example, the second virial coefficient can be related to the Flory- 
Huggins interaction parameter y (see p. 110) by 


Ar = (5 — x WM (4.47) 


where V2 is the specific volume of the polymer, V,° is the molar volume of the solvent, and y is an 
interaction energy per mol of the solvent divided by RT. For a theta solvent, y = 0.5 and Az = 0. 
Better solvents have lower y values and higher second virial coefficients. Equation (4.47) can be 
used to determine y from osmotic measurements. 


Problem 4.8 At 20°C, the osmotic pressure of a polycarbonate was measured in chloro-benzene solution 
with the following results : 


1.95 2.93 3.91 5.86 
0.20 0.36 0.53 0.98 


Concentration (g/L) 
Osmotic pressure 
(cm chlorobenzene) 


[Solvent density = 1.10 g/em?; polymer density = 1.20 g/cm?.] 


Estimate: (a) polymer molecular weight, M„, (b) second virial coefficients Ay and T2, and (c) polymer- 
solvent interaction parameter y. 
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Answer: 


(a) From the osmotic data we obtain the following table: 


—— 
( ane :) h (cm CgHsCl) (=) (cm C6H5C1)(1000 cm”) 
cm? 
1.95 0.20 0.102 
2.93 0.36 0.123 
3.91 0.53 0.135 
5.86 0.98 0.167 


The next step is to plot (h/c) against c. When this is done, we get a straight line (Fig. 4.6) with slope 
0.016 and intercept 0.072 on the ordinate, i.e., (A/c) |es9 = 0.072 (cm C6H5C1)(1000 cm?)(g7!) = 72.0 (cm 
C6H5CI)(cm°)(g7'). 


Pressure exerted by a column of C6H5Cl, h cm long: I = hpg = (hcm)(1.10 gcm™?)(980 
cm s7?) = 1078h gem7!s7?. 


Therefore, (M/c)es9 = 72.0 1078(gem7!s~2)(cm3)(g-!) = 77,616 cm? s?. Hence, 
(RT/Mn) = 77,616 cm? s7? and noting that R should be in ergs mol~! °K~! to yield M,„ in g mol™!, we then 
obtain 

m = (8.314107 ergs mol7! °K~!)(293°K) 


= = 3.1x10° ia 
n (77,616 cm? s~2) on 
(b) Slope of h/c versus c linear plot (Fig. 4.6) = 0.016 (cm C6HsCl)(10° cm®)(g~) 

= 0.016x1078x10° (gem! s72?) (cm®)(g~7) = 1.725x107 g7! em s7., Neglecting c? and higher powers 
of c in Eq. (4.41) for dilute solutions, this slope can be equated to A2RT. Hence, ART = 1.725x107 g7! 


cm’ pA or 


(1.725 x 107 g7! cm s7?) 2, 3 2 
A = S 5 = 7.0x10 7 mol cm’ g 
(8.314 x107 ergs mol~! °K-!)(293°K) 


From Eq. (4.44), [2 = AMn. Therefore, = (7.0x1074 molcm? g72)(3.1 x105 gmol™!) = 
217 cm? g™!, 


(c) Considering Eq. (4.47), 
v = (1.2 gem)! = 0.833 cm? g7!; ve = (112.5 gmol!/(1.10 gem™) = 102.27 cm? mol™!. 
Substituting these values in y = 5 - AV? o3 derived from Eq. (4.47) then gives y = 0.40. 


The practical range of molecular weights that can be measured by membrane osmometry is 
approximately 30,000 to one million. For measurements of M, less than 30,000 another technique 
known as vapor-phase osmometry described next is more suitable. 
4.4.2.4 Vapor-Phase Osmometry 
Vapor-phase osmometry is based on vapor pressure lowering, which is a colligative property. The 


method therefore gives M„. Combining Raoult’s law and Dalton’s law we have 


P = P+ Py = xP) +n P? (4.48) 


where P is the vapor pressure of the solution ; P; and P, are the vapor pressures, respectively, of the 
solvent and solute in solution; P? and P) are the pure component vapor pressures of the solvent 


Polymer Molecular Weights 177 


0.2 


h/c (em C,H.Cl) (1000 cm’) (g7!) 


0 1 2 3 4 5 6 
3 
c (g/1000cm ) 


Figure 4.6 Molecular weight determination from osmotic head (h) and concentration (c) data (Problem 4.8). 


and solute, respectively; x; and x2 are the mole fractions, respectively, of the solvent and solute in 


solution. 
When the solute is nonvolatile, as is the case with high-molecular-weight polymers, the vapor 


phase consists only of solvent. Therefore, Eq. (4.48) reduces to 


P = xP? = (1-22)P? (4.49) 
Rearranging, 
zi P _ P-P _ -AP (4.50) 
POTR R R 


Here AP is the vapor pressure lowering given by difference between the vapor pressure of the 
solvent above the solution and the vapor pressure of the pure solvent at the same temperature. 
Rewriting Eq. (4.50) as 


AP W/M. 
— = -x) = ee (4.51) 
Pi 


(W1/M,) + (W2/M2) 


where W and M are weight and molecular weight, respectively, with the subscript 1 used for 
solvent and 2 for solute, we obtain for dilute solutions 


(Wi/M1) WıM2 > 


AP M: M V? 
lim( $5) en (W2/M2) a W2M\ = 1 (4.52) 
c2>0 
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in which V/ is the molar volume of the solvent and c is the concentration of the solute in mass 
per unit volume. The expanded virial form of Eq. (4.52) for vapor pressure lowering is 


AP F 1 2 
P = -Vic a a ee (4.53) 
[cf. Eq. (4.43)] where B and C are virial coefficients. As AP is inversely proportional to molecular 
weight of the solute, its magnitude for polymer solutions is quite small and difficult to measure 
directly. It is more accurate and convenient to convert this vapor pressure difference into a tem- 
perature difference. This is done in the method called vapor-phase osmometry, also known as 
vapor-pressure osmometry. 

The temperature difference AT, corresponding to the vapor pressure difference AP in Eq. 
(4.53), can be deduced from the Clausius-Clapeyron equation 


AP RT? 
AT = —-—— 4.54 
P? AH, G8) 


where AH, is the latent heat of vaporization of the solvent at temperature T. Combining Eq. (4.54) 
with Eq. (4.53) we obtain 


=m RT” yo Lpi FEE (4.55) 
o Am, (M ee i 


The molecular weight of the solute can thus be determined by measuring AT/c2 and extrapolating 
it to c2 = 0. 


Practical Aspects There is no membrane in a vapor-pressure osmometer. Instead there are two 
matched thermistors in a thermostated chamber that is saturated with solvent vapor (Fig. 4.7). 
With a hypodermic syringe a drop of solution is placed on one thermistor and similarly a drop 
of solvent of equal size on the other thermistor. The solution has a lower vapor pressure than 
the solvent at the same temperature, and so the solvent vapor condenses on the solution droplet. 
The solution droplet, therefore, starts getting diluted as well as heated up by the latent heat of 
condensation of solvent condensing on it. In a steady state, the total rise in temperature AT can be 
related by an analog of Eq. (4.55): 


k E + Bea + C+ (4.56) 
AT = = c Hee f 
C2 i Mn $ 2 


where ks is an instrument constant, which is normally determined for a given solvent, temperature, 
and thermistor pair, by using solutes of known molecular weight. 

The temperature difference between the two thermistors can be measured very accurately as a 
function of the bridge imbalance output voltage, AV. The operating equation is 


AV K 
— = —+KBc (4.57) 
c M 
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Figure 4.7 Schematic diagram of a vapor-phase osmometer. (After Rudin, 1982.) 


[cf. Eq. (4.55)] where K is the calibration constant. A plot of AV/c versus c (where c is the solu- 
tion concentration) is made and extrapolated to zero concentration to obtain the ordinate intercept 
(AV/c)-so. The calibration constant K can be computed using the equation 


K = M(AV/c)¢ 0 (4.58) 


where M is the molecular weight of the known standard sample. For determining the molecular 
weight of an unknown sample, solutions of the sample are made in different concentrations in the 
same solvent used for the standard sample and the whole procedure is repeated to obtain the 
ordinate intercept (AV/c)-_,9. The molecular weight of the unknown sample is then given by 


Mn = K/(AV/c)c+0 (4.59) 


The upper limit of molecular weights for vapor-phase osmometry is considered to be 20,000. 
Development of more sensitive machines has extended this limit to 50,000 and higher. 


Problem 4.9 Following are the vapor phase osmometry data for a standard polystyrene of known molecu- 
lar weight and an experimental sample of hydroxyl terminated polybutadiene (HTPB) in toluene solutions at 
70°C. Calculate the molecular weight of HTPB. 


180 Chapter 4 


(b) Sample (HTPB) 17 
gpr Tad 
J = 
= 15 a 
2 2 
z z 

13 
0 8 146 0 8 16 
Concentration, c (g L' ) 


Figure 4.8 Plots of AV/c versus c with the vapor-pressure osmometry data of Problem 4.9. 


Polymer Concentration, c Bridge output, AV 
(g/L) HV) 
Standard 6 107 
polystyrene 9 164 
of Mn = 1800 12 224 
15 287 
HTPB of unknown 6 85 
molecular weight 9 129 
2 176 
5 225 


Answer: 


The data in columns 2 and 3 are plotted as AV/c versus c both for the polystyrene standard (Fig. 4.8a) and 
for HTPB (Fig. 4.8b). 


Polystyrene standard (Fig. 4.8a): M, = 1800. (AV/c)c=»0 = 16.95. Therefore, K = 1800 x 16.95 = 30, 510. 


K 30,510 


HTPB sample (Fig. 4.8b) : (AV/c)e»0 = 13.45. Hence, M, = TVo = 345 = 2268 


4.4.3 Light-Scattering Method 


The measurement of light scattering by polymer solutions is an important technique for the deter- 
mination of weight-average molecular weight, M„. It is an absolute method of molecular weight 
measurement. It also can furnish information about the size and shape of polymer molecules 
in solution and about parameters that characterize the interaction between solvent and polymer 
molecules. The experimental technique is, however, exacting, mainly because of the large differ- 
ence in intensity of the incident beam and light scattered by the polymer solution. 
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Figure 4.9 Arrangement of the apparatus required to measure light scattered from a solution at different 
angles with respect to the incident beam. (After Billingham, 1977.) 


4.4.3.1 Rayleigh Ratio 


A theoretical treatment of the scattering of light by the molecules of a gas was given by Lord 
Rayleigh in 1871. A schematic diagram that shows the basic features of the apparatus required for 
a light scattering experiment is given in Fig. 4.9. For a dilute gas, the intensity of scattered light 
as a function of scattering angle @ is given by the Rayleigh equation 


igr? ar is, fe 2m? (“n-1)?M 
W + cos?@) an A4 Nay c 


(4.60) 


In this equation, J, is the intensity of incident light of wavelength A; ig is the intensity of scattered 
light per unit volume of the system measured at angle @ to the incident beam direction and at a 
distance r from the center of the system (Fig. 4.9); M is the molecular weight of the gas; 7 is the 
refractive index; c is the density or concentration of the gas in mass per unit volume; and Nay is 
Avogadro’s number. The term Rg is called the Rayleigh ratio. It is the reduced relative scattering 
intensity defined by 


Ro = — 4.61 
a I,(1 + cos? 0) ee) 


and is independent of both r and @ on the basis of the Rayleigh equation (4.60). The Rayleigh ratio 
is sometimes defined as the quantity i99 r?/J,, which is the reduced scattering intensity at 6 = 90°, 
that is, Roo. 

The Rayleigh theory of light scattering in dilute gases cannot be applied to liquids, the main 
reason being that, unlike in gases, strong intermolecular forces are present in liquids. These diffi- 
culties are overcome by a different approach to light scattering in liquids, developed by Einstein 
(1910). In this approach, scattering is considered to be caused by local fluctuations in density due 
to the thermal motions of the molecules, resulting in local fluctuations in the refractive index and 


182 Chapter 4 


hence in scattering of the incident light. Einstein’s theory leads to the following expression for the 
Rayleigh ratio (Allcock and Lampe, 1990) : 


Ro = 


igr? 2n? RT (day 
igr T aZ) (4.62) 


LO + co20 Nay B \ dp 


where p is the hydrodynamic pressure on the liquid and £ is the compressibility, that is, 6 = 
—(1/V )(0V/dp)r. The other terms are as given before. 

The presence of dissolved solute in a solution causes additional scattering of light, besides that 
due to the solvent alone. Debye (1944) put forward a treatment in which the additional scattering of 
light by a solution is viewed as resulting from local fluctuations in the concentration of the solute. 
Analogous to Einstein’s theory of density fluctuations in pure liquids, Debye’s model considers 
that the local fluctuations in solute concentration due to random thermal motion are opposed by 
the osmotic pressure of the solution and leads to the following expression (Rudin, 1982; Allcock 
and Lampe, 1990) for the Rayleigh ratio of the scattering due to solute : 


inr? 27? (it) RTc 


Ro Sf See ee, Ge rr (al/ac)r (4.63) 


h(l + cos? 0) A4 Nay 


where the primes are used to denote the excess scattering from the liquid due to the solute; 1 
and ñ, are the refractive indices of the solution and solvent, respectively; dn/dc is the specific 
refractive index increment with concentration; c is the concentration of solute in mass per unit 
volume; IT is the osmotic pressure of the solution; and the other terms are as described previously. 
Ry, commonly known as the excess Rayleigh ratio, is the difference between the Rayleigh ratios 
of the solution and the pure solvent: 


Ry = Ro(solution) — Ro(solvent) (4.64) 


The excess Rayleigh ratio Rj can be derived from the “raw” galvanometer readings J, and I,s 
when the sample cell contains the solution and the solvent, respectively, with the photocell of Fig. 
4.9 positioned at an angle 0 in both cases. The equation used is 


i k(l — Ips) sin 
Ri = = 4.65 
8 1 + cos2?0 (a6) 


where k is the conversion factor. The value of k can be obtained from the following equation for 
the solvent, 


kIgs sin @ 


Rg = —— 
9 1 + cos?@ 


(4.66) 


using /,, measured at an angle 6 and the known value of Rg for the solvent. [Note that J, and Ig; 
are multiplied by siné@ to correct for the variation that occurs in the effective scattering volume as 
0 is varied (see Fig.4.10). Multiplying by the factor sin@ one actually computes the value that the 
galvanometer would have read, if the “viewed” volume had remained constant (Margerison and 
East, 1967).] 
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Figure 4.10 The variation of effective scattering volume (shaded) with angle: (a) @ < 90°; (b) 4 = 90°. A: 
incident beam; B: polymer solution in solvent; C: scattering cell; D: light trap; E: scattered light 
beam; F: movable photocell connected to galvanometer. (After Margerison and East, 1967.) 


4.4.3.2 Turbidity and Rayleigh Ratio 


If J, and Z are the intensities of the beam before and after passing through a length f of the medium, 
they can be related in terms of Beer’s law for the absorption of light as follows (Rudin, 1982): 


I, = et! (4.67) 


where T is the measure of the decrease of the incident beam intensity per unit length of the medium 
and is called the turbidity. It has the dimensions of reciprocal length. 

Noting that J = J, — Iş, where Z, is the total intensity of light that is scattered by the solution, 
Eq. (4.67) may be written in the form (Allcock and Lampe, 1990): 


e = a z = 1- = (4.68) 


where J,’ is the total intensity of scattered light per unit path length. Expanding e™™ in series 
and neglecting the square and higher powers, since the fraction of light scattered is small, the 


exponential in Eq. (4.68) can be approximated as 


e = l-vt+ h(t -i(tp+e = l-r (4.69) 
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A comparison of Eqs. (4.68) and (4.69) gives 
tT = Klib (4.70) 
as the relationship between the turbidity and the total intensity of scattered light per unit path. 


The total of light intensity scattered per unit path length through all angles of polar coordinates 
is given by (Allcock and Lampe, 1990) : 


n 27 
[= i i r° i, sin6d0d@ (4.71) 
0 0 


From Eq. (6.43), r? iy = [Rg + cos? 0). From Eqs. (4.70) and (4.71) one thus obtains 


m 2n 
=Tt= f 1 R4(1 +cos” 0) sin 0dod¢ (4.72) 
0 Jo 


[eX 


Substituting for R4 from Eq. (4.63), Eq. (4.72) can be written as 


27? ¢. da)? RTc 4 5 2 
Ss (|) 1 ind 4.73 
T NA, (i) as, I (1 + cos* @)sin@ of do ( ) 


The value of the product of the definite integrals is 167/3 (Rudin, 1982; Allcock and Lampe, 1990), 
so that we obtain the following relationship involving turbidity and the total scattered intensity : 


(i.%) er 
I’ 3273 io] c 
s - | j = (4.74) 


3A4Nay) (8N/ðc)r 

This expression provides us with a way to determine molecular weights of polymers from light 
scattering of polymer solutions as shown below. Moreover, a comparison of Eqs. (4.74) and (4.63) 
shows that the relationship between the turbidity and the Rayleigh ratio is 


167 167 igr? 
Ses ee 4.75 
i 0 ( 3 m oun 


This expression enables us to determine the turbidity by measuring the intensity of light scattered 
at given angles. 


4.4.3.3 Turbidity and Molecular Weight of Polymer 


The light scattering of solutions may now be related to the solute molecular weight by substituting 
(OIl/dc)r into Eq. (4.74). Representing the osmotic pressure for a monodisperse (i.e., single 
molecular weight) solute by a virial equation [cf. Eq. (4.41)] in the form 


1 
— = RT| + Ac + A3 + =) (4.76) 
c M 
where A> and A3 are the second and third virial coefficients, we obtain by differentiation 

( orl 


1 2 
— = RT|— + 2A 3A e 4.77 
=), (a + 2Aoc + 343c + ( ) 
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Substituting in Eq. (4.74) we obtain 


a ec ame + 2Are + 3Agc? + (4.78) 
T= ANK, c |o; uM 2C 3C : 
Rearranging we have (Rudin, 1982): 
H 1 
ae Cee Oe A Ae i (4.79) 
T M 
where the function H is a lumped constant given by 
32m \/. day 
H = |= — 4.80 
JEZ) ii 


The procedure for determination of molecular weight according to Eqs. (4.79) and (4.80) is there- 
fore as follows. Take a series of polymer solutions (dust free) of different concentrations. Choose 
a particular angle to the incident beam (usually 90°) and determine excess Rayleigh ratio Rj (or 
excess scattering intensity ią), and hence turbidity from Eq. (4.75), for each solution. Calculate 
H from Eq. (4.80) using measured values of ñ and n). Evaluate Hc/t for each concentration and 
plot this against c. By extrapolation of the linear portion to zero concentration the intercept on 
the Hc/t axis gives 1/M directly, while the initial slope yields the second virial coefficient (see 
Problem 4.10). 

It is also customary to define another optical constant K such that with substutution from Eq. 
(4.80) one obtains (Rudin, 1982): 


3H Oe \ (day 
ee ee ae 4.81 
167 fad Q a R 


It is easy to see by comparing Eqs. (4.75), (4.79), and (4.81) that (Rudin, 1982): 


Ke 3Hc Hc 1 2 

a ee o Ye Ege (4.82) 
Hence M and A: can be determined from a plot of Kc/R, against c (see Problem 4.12) in the same 
way as from the plot of Hc/r versus c using Eq. (4.79). 

The molecular weight obtained by application of Eq. (4.82) to a polydisperse polymer will 
be some average over the molecular weight distribution characteristic of the polymer. It can be 
easily shown that the molecular weight determined from light scattering measurement is M,, (see 
Problem 4.13). 


Problem 4.10 Given below are typical light scattering data for solutions of polystyrene in benzene (ño = 
1.5010) with A = 4358 A at 20°C: 


Conc. (g/100 cm”) (i — fig) X102 1x10? (cm!) 
0.175 0.021 0.093 
0.385 0.043 0.144 
0.594 0.066 0.182 
0.730 0.082 0.198 
1.000 0.110 0.226 


Determine the molecular weight of the polymer. 
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Answer: 


The value of the refractive index increment dn/dc is needed at infinite dilution, but there is little concentration 
dependence in the normal concentration range used for light scattering of polymer solutions. The required 
value can therefore be obtained from 


n- i An dn 


c c dc 


Therefore Eq. (4.80) can be written as 


32m \ 5 ffi — i \ 
= Es ial 2) (P4.10.1) 
V 


[The value of (dñ/dc) can also be obtained from the plot of (ñ — ño) against c and Eq. (4.80) can then be used 
directly.] 


For c = 0.1750 g/100 cm}, using Eq. (P4.10.1): 


32(3.143)3 2 
H = -y (1.501) 
3(4358 x 10-8 cm)4 (6.02 x 1023 mol™!) 


4.48 x 10~° mol cm? g7? 


(0.021 x 1072) 
(0.175 x 10-2. g cm~?) 


So, 
He (4.48 x 1076 mol cm? g7?) (0.175 x 107-2 g cm~’) 
T (0.093 x 10-2 cm!) 
8.45x10~° mol g7! 


Similarly, Hc/t values are calculated for other c values and are plotted against c in Fig. 4.11. From the 
intercept at c = 0, 


H 
(=) = 68x10 molg-! = >M = 147x10° g mol"! 
c=0 


T 


1 
M 


24 


Tig 
O 
E 
Ko) 

= 
x 8 


Hc 
= 


Figure 4.11 Light-scattering 
determination of the molecular 
weight of polystyrene. (Data of 
Problem 4.10.) 


0 
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Problem 4.11 A solution of polystyrene in benzene at 25°C used for light scattering experiments with 
light of wavelength 4358 A has the following values: ñ= 1.5130, dñ/dc = 0.111 cm? gl. 


Determine the optical constant K for the system. 
Answer: 
From Eq. (4.81): 
2(3.143)? (1.5130)? (0.111 cm? g7!)? 
j (6.023 x 1023 mol™!) (4358 x 10-8 cm)4 


= 2.564x 1077 cm? g? mol 


(It may be noted that K is a constant for a polymer-solvent system and is independent of the concentration 
and molecular weight.) 


Problem 4.12 Measurements of excess scattering for a solution of polystyrene in benzene at 25°C with 
light of wavelength 4358 A yielded the following data : 


c, g/100 cm? 0.132 0.197 0.296 0.445 0.667 


Ro X 10°, cm7 3.88 5.44 7.63 10.1 13.3 


Determine (a) the molecular weight of the polymer and (b) the second virial coefficient for this particular 
polymer-solvent system. (The value of K for the polymer-solvent system is 2.564x1077 cm? g7? mol.) 


Answer: 
For c = 0.132 g/100 cm? = 1.32x107°? g cm’, 


Ke _ (2.564x107 cm? g? mol) (1.32 107° gcm’) 


L = 8.72x 1076 mol g`! 
Roo (3.88 x 10-5 cm7!) 


Similarly, Kc/R4 values for other concentrations (c) are calculated and these are plotted against c in Fig. 4.12. 


(a) Eq. (4.82): From the intercept of the graph on Kc/Rjp axis (Fig. 4.12), 


1 Ke 
= (5) = 76x10° 
Ro Je=0 


1.31 x105 g mol`! 


(b) Eq. (4.82): From the slope of the graph (Fig. 4.12), 
2A, = 8.0x107f molg™? cm? or A, = 4.0x1074 mol g7? cm? 
From Eq. (4.44) another form of the second virial coefficient is 


T2 = AoM = (4.0x107 mol g? cm?)(1.31x10° g mol!) = 52 cm? g7! 


Problem 4.13 Show that the molecular weight of a polydisperse polymer determined by the light scattering 
method is a weight-average molecular weight. 


Answer: 


For a solution in the limit of infinite dilution, Eq. (4.79) becomes: t = HcM. Ifthe solute molecules 
are independent agents and contribute additively to the observed turbidity, one can also write: T = X T; = 
HY ciM; and c = $ ci, where Ti, ci, and M; refer, respectively, to the turbidity, weight concentration, and 
molecular weight of monodisperse species i, which is one of the components of the mixture that make up the 
polymer sample. 


The average molecular weight M is obtained from the overall turbidity T and concentration c : 


m=- Z =- EN BM (P4.13.1) 
Hc AY ci Ci 
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Since c; = N;Mj/V, where N; is the number of moles of species i having molecular weight M; in volume V 
of solution, it is seen on substitution in Eq. (P4.13.1) that 
=z . ENM? _ 5 
È NiMi 


w 


4.4.3.4 Dissymmetry of Scattering 


Intraparticle Interference Equation (4.82) is derived on the assumption that each solute molecule 
is small enough compared to the wavelength of the incident light to act as a point source of sec- 
ondary radiation, so that the intensity of the scattered light is symmetrically distributed as shown 
in Fig. 4.13. This condition is satisfied by vinyl polymers having a degree of polymerization less 
than about 500. If any linear dimension of the solute particle is as great as about A’/20 or greater, as 
in the case of large size polymer molecules, then the secondary radiations from dipoles in various 
regions of the scattering molecule may vary in phase at a given viewing point. (Note that A’ is the 
wavelength of the light in solution. For dilute solutions it is equal to A/ño, where ñ is the refractive 
index of the solvent.) The resulting interference will depend on the size and shape of the molecule 
and on the observation angle. 


Problem 4.14 Using light of wavelength 5461 A and benzene as solvent (refractive index 1.5014), what is 
the limiting size (root mean square end-to-end distance) of a polymer coil above which the molecule can no 
longer be regarded as a point source in refraction ? 


Answer: 


N Nn 
Limiting <r> =L = (A/no) 
20 20 


5461 A 
= ——_—__ = 182A 
20 x 1.5014 


This represents the critical value of the diameter or length of the scattering molecule. 


6 


(Ke / R’g9)x 10 (mol g’ 


NS Intercept i l 
=7.6x 10 mol g 


Figure 4.12 Plot of Kc/Rgp ver- 
0 02 0.4 0.6 0.8 1.0 sus c in the absence of interfer- 


ence effects. (Data of Problem 


2 é 
Cx10 (gcm A ) 4.12.) 
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Locus of 
identical i 0 
dipole 90° 


Scattering 


45° 


(c) 


Incident 


radiation 


Figure 4.13 (a) Scattering envelope for a point scatterer. (b) Scattering by a random coil which is comparable 
in size with the wavelength of the incident radiation. (c) Scale diagram of two-dimensional scattering enve- 
lope: Curve A shows the effect of interference in relation to curve B for the same polymer solution without 
interference. Distance from the scattering particle to the boundary of the envelope (which is cylindrically 
symmetrical about x axis) represents the magnitude of scattered light as a function of angle. 


With reference to Fig. 4.13(b), the scattered light received at the plane AB (zero angle) is in 
phase, no matter what part of the polymer molecule is acting as the source of the secondary radia- 
tion. However, as 0 increases, there occurs an increasing path difference between the light received 
from different parts of the molecule. The destructive interference due to phase differences between 
the scattered rays reduces the intensity of the scattered radiation. This interference effect will be 
greater the larger the scattering angle 6, and so the radiation envelope will not be symmetrical. 
Both these effects are illustrated in Fig. 4.13(c). In both cases of interference and noninterference 
the envelopes are cylindrically symmetrical about the incident ray, but the envelope in the presence 
of interference effects is no longer symmetrical about a plane through the scatterer and normal to 
the incident radiation. Thus the scattering is less in the direction for which 8 = 90° +£ than for 
0 = 90° —8. This effect is called dissymmetry. The observed ratio of these intensities is usually 
referred to as the dissymmetry coefficient (Debye, 1947) designated by zg, i.e., 


The root-mean-square distance (r*)'”* between the ends of the polymer chain is a convenient 
measure of the diameter of the randomly coiled polymer molecule. The dissymmetry coefficient zg 
will be unity for (r?)"/2 < X’/20 and will increase as (r?)!/? increases. In general, macromolecules 
with a linear structure, in good solvents and with molecular weights between 10° and 10’, have 
diameters between 200 and 3000 A. In light scattering measurements using mercury arcs (A = 


4,000-5,000 A) as the source of light, the particle diameter is therefore larger than A’/20. 
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Intraparticle interference effects, described above, diminish as the viewing angle 0 to the in- 
cident light approaches zero, at which point the scattering is unperturbed and so Eq. (4.82) can 
be used for determination of molecular weight. This principle is used in the method of low-angle 
laser light scattering (LALLS) following the advent, in recent years, of light scattering photome- 
ters based on helium-neon (He-Ne) lasers (A = 6328 A) with which scattering can be measured 
accurately at angles as low as 2°to 10° off the incident beam path. However, the optics of older 
commercial instruments that are still in wide use are limited to angles greater than about 30° to 
the incident beam. Appropriate corrections must be applied to scattering intensities measured at 
such large angles, as discussed below. 

If the experimentally observed values of Rj and R’_, differ significantly from one another, 
interference effects are present. These effects may be taken into account by defining a parameter 
P(@), called the particle scattering factor. It is simply the ratio of the scattering intensity to the 
intensity in the absence of interference, measured at the same angle 0: 


Ro i 

P(@) = l o)observed = — (igJobserved (4.83) 
(Ro)no interference (io)no interference 

The Rg in our previous equation (4.82) is (R4)no interference» Since in their derivation the scattering 


molecules have been considered as point sources. Thus Eq. (4.82) may be rearranged in terms of 
the observed R4 and P(6) as 


Ke Z Kc 
(Ré)observed P(@) (R6)no interference 
1 f1 
salu 2A2c + 3A3 + -> (4.84) 


According to Zimm, the following approximation may be written 


tee eae (4.85) 
Rt  MP@® ~~ 


(omitting the subscript ‘no interference’ for simplicity) 

Since the forward scatter at zero angle is the same whether interference effects are present or 
not, P (@) =1 at @=0°. Therefore, if Hc/t or Kc/Rj measured at different values of @ and c is 
extrapolated to both 6 = 0 and c = 0, Eq. (4.85) reduces to 


K H 1 
(5) z (=) a gat (4.86) 
Ro ) 30, 040 T /c>0, 650 M 


The molecular weight of the solute can thus be obtained without making any assumptions about 
the shape of the polymer molecule. 


Scattering Factor The scattering function P(@) depends on polymer dimension, wavelength of 
the light, and the refractive index of the solvent. The following function has been derived for 
random coil polymer (Doty and Edsall, 1951): 


PO = =[e"-(-w| (4.87) 


Sv 
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where u = [(47/d’) sin(0/2)]? (S?) and (5°) is the mean square radius of gyration of the polymer 
molecule (see p. 46). It is related to the mean square end-to-end distance (r>) by (8y = 
(r?! 2/6. Substituting this to replace (S?) by (r?) in the above equation for u leads to 


= (5) fa (2x sin 1 (4.88) 


When u « 1, one can approximate Eq. (4.87) by 
P(0) = 1-u/3 (4.89) 


Since 1/(1 —x) ~ 1 +x when x « 1, one obtains from Eq. (4.89), 1/P(@) = 1 +u/3. Substituting 
for u from Eq. (4.88) gives 


8 2 
1/P(@) = 1+ PAGE (4.90) 
Substituting this in Eq. (4.85) one then obtains 
Kc Hc 1 1 \( 87? 2 
K D Sagi E osen + 2Aoc (4.91) 


4.4.3.5 Zimm Plots 


The double extrapolation to zero 0 and zero c required for the use of Eq. (4.91) is effectively 
done on the same plot by the Zimm method (Zimm, 1948). Zimm plots consist of graphs in 
which Kc/R (or Hc/r) is plotted against sin? (6/2) + bc, where b is a constant arbitrarily chosen 
to give an open display of the experimental data, and to enable the two extrapolations to c = 0 
and 0 = 0 to be carried out with comparable accuracy. (It is often convenient to take b = 100.) 
In practice, intensities of scattered light are measured at a series of concentrations and at several 
angles for each concentration. The Kc/R, (or Hc/t) values are plotted, as shown in Fig. 4.14. 
The extrapolated points on the 6 = 0 line, for example, are the intensities of the lines through the 
Kc/Rg values for a fixed c and various 0 values with the ordinates at the corresponding bc values. 
Similarly, the c = 0 line is drawn through the intersections of the lines through the Kc/R, values, 
for a fixed 6 and various c values, with the corresponding sin?(0/2) ordinates. The 8 = 0 and c = 0 
lines intersect on the ordinate and the intercept equals 1/M. 


Problem 4.15 Scattering from benzene and a series of polystyrene solutions was measured with a light- 
scattering photometer. The resulting experimental data, given in Table P4.15.1, consist of a series of gal- 
vanometer readings J, and Ies, for solution and solvent, respectively, with a photomultiplier situated at the 
various angles shown to an incident beam of unpolarized, monochromatic light of wavelength 5461 A. 


Determine the molecular weight of the polymer by constructing a Zimm plot. Use the values: ño = 1.5014, 
dijdc = 0.106 cm? g`}, Rope of benzene = 16.3 x 1076 cm™!. 
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Table P4.15.1 Values of J, and Is at various c and 6 


c 0 45° 60° 75° 90° 105° 120° 135° 150° 
g/cm? 

2.0 x 107 917 607 461 408 440 540 755 1235 
1.5x 107 820 550 413 363 384 475 660 1080 
1.0x 107 682 455 343 301 319 392 540 880 
0.75 x 1073 590 396 297 263 275 339 464 755 
0.50 x 1073 477 319 241 214 224 275 376 607 
Pure 

benzene 170 128 105 100 105 127 170 285 


Source: Margerison and East, 1967. 
Answer: 
From Eq. (4.66): 


Roo? = klgs)oge 
Ro -6 -1 
90 = 16.3x10 ° cm = 16.3x1078 cm7! 
(les)oo° 100 


The values of excess Rayleigh ratio R4 calculated from Eq. (4.65) using the above value of k and data of 
Table P4.15.1 are recorded in Table P4.15.2. 


Table P4.15.2 Values of Rjx10° in cm™! calculated from data in Table P4.15.1 
45° 60° 75° 90° 105° 120° 135° 150° 


57.4 54.1 52.5 50.2 494 46.6 44.9 44.2 
499 476 454 42.9 41.2 393 37.6 37.0 
39.3 369 35.1 32.8 316 299 28.4 27.7 
32.3 30.2 28.3 266 25.1 23.9 22.6 21.9 
23.6 21.6 20.1 186 175 16.7 15.8 15.0 


From Eq. (4.81): 


2(3.143)? (1.5014) (0.106 cm? g~!)? 
(6.023 x 1023 mol7!) (5.461 x 10-5)4 


= 9.34x 1078 cm? g? mol 


The values of Kc/R, calculated using the aforesaid K and data in Table P4.15.2 are recorded in Table P4.15.3. 
A Zimm plot obtained from these data is shown in Fig. 4.14. 


Table P4.15.3 Values of (Kc/Rg) x 10° in mol g! calculated from data in Table P4.15.2 
45° 60° 75° 90° 105° 120° 135° 150° 


3.25 3.45 3.56 3.72 3.78 401 4.16 4.22 
2.81 2.94 3.08 3.26 340 3.56 3.72 3.78 
2.37 2.53 2.66 2.85 2.95 3.12 3.29 3.37 
217 2.32 2.47 2.63 2.79 2.93 3.10 3.20 
198 2.16 2.32 2.51 2.67 2.79 2.95 3.11 


Source: Margerison and East, 1967. 


From the intercept of the c = 0 and 0 = 0 lines on the Kc/Ro axis (Fig. 4.14): (Ke/Rj).. 40 6-30 
= 1.37x 10° mol g~!. From Eq. (4.86): M = 1/(1.37x10~°) gmol7! = 730,000 gmol™!. 
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Figure 4.14 Zimm plot for the polystyrene sample of Problem 4.15. The concentration units employed are 
g/cm? . The symbols © represent extrapolated points. (Drawn following the method of Margerison and East, 
1967.) 


Problem 4.16 For the polystyrene sample in Problem 4.15 calculate (a) the second virial coefficient, (b) 
the root mean square end-to-end distance, and (c) the root-mean-square radius of gyration. 


Answer: 


(a) According to Eq. (4.91), the limiting slope of the 6 = 0 line of Kc/Rj versus c plot is 2A2. From the Zimm 


plot in Fig. 4.14, limiting slope = 8.75 x 1074 mol g~* cm?. Therefore, Az = 4.375x10-* mol g? cm’. 


From Eq. (4.44): Another form of the second virial coefficient is T2 = A2M = (4.375 x 1074 mol g? cm?) (7.3 x 
10° gmol™!) = 3.2x10? cm? g™!. 


(b) The root-mean-square end-to-end distance of the polymer chains is found from the limiting slope of the 
c =0 line. From Eq. (4.91): Limiting slope of the c = 0 line = (1/M) (822/9A°) <r? >, where X = A/ño. 


From the Zimm plot in Fig. 4.14: slope = 1.26x10~ mol g!. Hence, 


i ae (9)(1.26 x 10-6 mol g~!)(7.3x 10 g mol!) (5461 x 10-8 em)’ 
872 1.5014 


1.386 x 107! cm? 
1.18x107> cm = 1180 Å 


<r >! 


(c) From the relation between < r? >!/2 and < S2 >! given earlier [Eq. (2.4)], 


< S? >12 = <r? >!/2 /V6 = (1180A4)/V6 = 482A. 
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Table 4.2 Solution Viscosity Nomenclature 


Name Symbol Definition* 
Relative viscosity Nr Nr = 7/No 
Specific viscosity Nsp Nsp = Mr -1 = n/m- 1 
Reduced viscosity Nsp/ C Nsp/C = (r — 1)/c 
li 
Inherent viscosity Ninh Ninh = Lr 
c 
1 
Intrinsic viscosity? [7] [n] = limeso - (2 - 1) 
c 


è 7 = solution viscosity; 1o = solvent viscosity. 


P Also called the limiting viscosity number. 


4.4.4 Dilute Solution Viscometry 


The dependence of viscosity on size permits estimation of an average molecular weight from 
solution viscosity. The average molecular weight that is measured is the viscosity average Mv, 
which differs from M, and M,, described so far in this chapter. The relation between viscosity 
increase and molecular weight that is used for the calculation of My is given by the Mark-Houwink- 
Sakurada (MHS) equation (see below). Before viscosity increase data are used to calculate My 
of the polymer, it is necessary to eliminate the effects of polymer concentration. The methods 
whereby this is achieved are described in a later section. These methods, however, do not remove 
the effects of polymer-solvent interactions, and so My of a given polymer sample will depend to 
some extent on the solvent used in the solution viscosity measurements. 

The nomenclature commonly used for solution viscosity is represented in Table 4.2. It may be 
noted that the viscosity terms listed in it are not viscosities at all. Thus 7, and sp are actually unit- 
less ratios of viscosities. The intrinsic viscosity [1] is a ratio of viscosities divided by concentration 
and so has the units of reciprocal concentration, commonly quoted in cm?/g or dL/g. 


The Mark-Houwink-Sakurada (MHS) equation for the calculation of Mz is written as 
In] = KM, (4.92) 
where K and a are MHS constants. In terms of molecular weights (M;) of monodisperse species i, 
M, is given by [cf. Eqs. (4.24) and (4.25)] 
l/a 


a N, Ms"! a 
M, = So = [$ wmi] (4.93) 


Problem 4.17 Assuming that the MHS constants K and a are independent of molecular weight, derive the 
definitions of My provided by Eq. (4.93). 


Answer: 


Consider a polymer sample to be made up of a series (7) of monodisperse macromolecules each with concen- 
tration (weight/volume) c; and molecular weight M;. Then, 


be do NM (P4.17.1) 


where N; is the concentration in terms of moles/volume. From the definition of intrinsic viscosity [7] given 
in Table 4.2, one can write for the species i of monodisperse macromolecules in very dilute solution 


(miM) -1 = cilnil (P4.17.2) 
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Since K and a are independent of molecular weight, one can write for the species i in very dilute solution [cf. 
Eq. (4.92)] 


Ini] = KM; “ (P4.17.3) 
Substituting Eqs. (P4.17.1) and (P4.17.3) in Eq. (P4.17.2) yields 
(nilmo) -1 = NiKM$*! (P4.17.4) 


We may regard the viscosity of the solution of a whole polymer as the sum of the contributions of the 
monodisperse species that make up the polymer. That is, 


|2 - 1 =>) (= _ 1) = KY NME"! (P4.17.5) 
To whole i \"o i 
Substituting Eq. (P4.17.5) in the definition of intrinsic viscosity (see Table 4.2), 


c>0 c 


1 K 
mM = lim=(2—1) = im Z nm (P4.17.6) 
; whole 


However, ¢c = Xc; = X} N;Mi and so [n] = limeso(K Z; N;M}*!/ X, NjMj). Substituting this in Eq. (4.92) 
gives 


KM; = lim [x py N;M¢*! / py wat (P4. 17.7) 


So in the limit of infinite dilution, 
= 1 
Mo = [Z Nime] Z Nim] (P4.17.8) 


An alternative definition in terms of weight fraction composition of the polymer can be derived by noting 
that 3} N;M; = },W; = W, where W; and W are the concentrations in weight/vol. Equation (P4.17.8) is then 
converted to the form 


My = [$ wms] (P4.17.9) 


i 


where w; is the weight fraction of species i. 


Problem 4.18 Show that the intrinsic viscosity of a mixture of polymers is the weight average value of the 
intrinsic viscosities of the components of the mixture in the given solvent. 
Answer: 


Let [ņ;] be the intrinsic viscosity of species i (monodisperse macromolecules) in a particular solvent. The 
MHS equation [Eq. (4.92)] for this species is 


[n] = KM? (P4.18.1) 


From Eq. (4.93), for the whole polymer, (Mp)? = ÈwiMŝ. Substituting this in Eq. (4.92) and then 
combining with Eq. (P4.18.1) gives [7] = X} wi[nil. 


It is important to note that My, like M„ or M,,, is a function of the molecular weight distribution 
of the polymer but unlike the latter it is also a function of the solvent (through the exponent a). 
According to Eq. (4.93), My = Mn for a = —1 and Mo = M, for a = 1. For polymers that assume 
random coil shapes in solution, it is found that 0.5 < a < 0.8. Since a is thus closer to 1 than to —1, 
My, will be much closer to M, than to M,. 
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4.4.4.1 Calibration of the Mark-Houwink-Sakurada Equation 


The classical method for determining K and a values of the Mark-Houwink-Sakurada (MHS) 
equation involves fractionation of a whole polymer into subspecies, or fractions, with narrow 
molecular weight distributions. An average molecular weight can be determined on each such 
fraction, by osmometry Mhn) or light scattering (Mw), and, if the fractions are narrow enough, the 
measured average can be approximated to My of monodisperse polymer. The intrinsic viscosities 
measured at a constant temperature for a number of such fractions of known Mp are fitted to the 


equation _ 
ln[n] = Ink + aln(M,) (4.94) 


to yield the MHS constants K and a for the particular polymer/solvent system at the temperature 
of viscosity measurement. (Since actual fractions are not really monodisperse and My is closer 
to M,, than to M,, it is a better practice to determine the molecular weight by light scattering than 
by osmometry.) 

The two constants K and a are derived from the intercept and slope of a linear least squares 
fit to [7] — M values for a series of fractionated polymers. The method assumes that K and a are 
fixed for a given polymer type and solvent and do not vary with polymer molecular weight. This is 
not strictly true, however, and the MHS constants determined for higher-molecular-weight species 
may depend on the molecular weight range. Tabulations of such constants therefore usually list 
the molecular weights of fractions for which the particular K and a values were determined. Such 
a list for some common systems of more general interest is presented in Table 4.3. 


Table 4.3 Values of Mark-Houwink-Sakurada Constants (K and a) for Some Polymer- 
Solvent Systems 


Temp. Mol. wt. range Kx 102 
Polymer Solvent CC) (Mx 1074) (cm? g7! ) a 
Poly(acryl- Water 30 2-50 0.63 0.80 
amide) 
Poly(acrylo- Dimethyl 25 3-25 2.43 0.75 
nitrile) formamide 
Polyisobutylene Cyclohexane 30 0.05-126 2.65 0.69 
Toluene 25 14-34 8.70 0.56 
Poly(methyl Acetone 30 6-263 0.77 0.70 
methacrylate) Benzene 30 4-73 0.63 0.76 
Chloroform 30 13-263 0.43 0.80 
Polystyrene Benzene 25 3-70 0.92 0.74 
Toluene 25 4-52 0.85 0.75 
Poly(vinyl Acetone 30 2.7-130 1.02 0.72 
acetate) Methanol 30 2.7-130 3.14 0.60 
Poly(vinyl Water 30 0.60-16 6.66 0.64 
alcohol) 
Cellulose Chloroform 30 3-18 0.45 0.9 
triacetate 


Source: Brandrup and Immergut, 1975. 
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Figure 4.15 Common types of glass viscometers. (a) Ostwald viscometer; (b) Ubbelohde suspended-level 
viscometer; (c) A modified Ubbelohde suspended-level viscometer (see text for description). 


4.4.4.2 Measurement of Intrinsic Viscosity 


This determination is performed very easily with simple glass viscometers. Since the viscosity 
of a liquid depends markedly on temperature, viscosity measurements must be made at a care- 
fully controlled temperature (within + 0.1°C ). Before a measurement, the viscometer is therefore 
equilibrated in a carefully controlled thermostatic bath at the required temperature. 

Two popular viscometers are of the Ostwald and Ubbelohde types, shown in Fig. 4.15. To 
operate the Ostwald viscometer, a given volume of liquid is introduced into bulb B through stem 
A and is drawn up by suction till it fills the bulb C and moves beyond the fiducial 
mark a. The suction is then released and the time taken by the liquid meniscus to pass between the 
fiducial marks a and b across the bulb C is measured. The liquid obviously flows under a varying 
driving force proportional to the changing difference (h) in the levels of the liquids in the two 
tubes. To ensure that this driving force is the same in all cases, the same amount of liquid must 
always be taken in bulb B. 

The above condition of always using the same volume of liquid does not apply, however, in 
the case of Ubbelohde suspended level viscometer (Ubbelohde, 1937), shown in Fig. 4.15(b). A 
modified design of the Ubbelohde viscometer is shown in Fig. 4.15(c). For measurement with 
the Ubbelohde viscometer a measured volume of polymer solution with known concentration is 
pipetted into bulb B through stem A. This solution is transferred into bulb C by applying a pressure 
on A with compressed air while column D is kept closed. When the pressure is released, the 
solution in bulb E and column D drains back into bulb B and the end of the capillary remains free 
of liquid. The solution flows from bulb C through the capillary and around the sides of the bulb 
E into bulb B. The volume of liquid in B has no effect on the rate of flow through the capillary 
because there is no back pressure on the liquid emerging from the capillary as the bulb E is open to 
atmosphere. The flow time ¢ for the solution meniscus to pass between the fiducial marks a and b 
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on bulb C above the capillary is noted. Since the volume of solution in B has no effect on the flow 
time ¢, the solution in B can be diluted in situ by adding a measured amount of solvent through 
A. The diluted solution, whose concentration is easily calculated from the solvent added, is then 
raised up into C, as before, and the new flow time is measured. In this way, the concentration of 
the solution in B can be changed by successive dilution with measured volumes of solvent and the 
corresponding flow times can be determined. 


With the assumption of a constant flow rate, the flow time ¢ can be related to the viscosity 7 of 
the liquid by the Hagen-Poiseuille equation (Moore, 1972) 


n = mrtAPt/8V¢ (4.95) 


where AP is the pressure difference between the ends of a capillary tube of length f and radius r, 
and V is the volume of liquid that flows through the capillary tube in time t. If the capillary tube is 
in a vertical position, as shown in Fig. 4.15, the driving force is essentially the weight of the liquid 
itself. The pressure difference, 6P, which is the driving force per unit area, will therefore be given 
by 


AP = hpg (4.96) 


where h is the average height of the liquid during measurement, p the density of the solution, and 
g the gravitational acceleration constant. 


Substitution of Eq. (4.96) in Eq. (4.95) yields 


4 
mr*hgpt 

= —2 4.97 

1 SVY (4.97) 


This equation is applicable if the flow is Newtonian or viscous and all of the potential energy 
of the driving force is expended in overcoming the frictional resistance. These conditions are 


usually satisfied (Allcock and Lampe, 1990) for the apparatus used and for measurement of relative 
viscosities 7/7, (see Table 4.2) which are of interest in polymer chemistry. 


Denoting the terms related to solvent with subscript zero, a ratio of viscosities of solution and 
solvent in terms of respective flow times for the same volume V through the same capillary is 
obtained from Eq. (4.97) as 


t 
M eae (4.98) 
To Polo 
For dilute solutions p is very close to p, and Eq. (4.98) simplifies to 
t 
ee (4.99) 
To to 


Thus, the ratio of viscosities needed for the determination of [7] (see Table 4.2) can be obtained 
from flow times without measuring absolute viscosities. 


The intrinsic viscosity [7] is defined in Table 4.2 as a limit at zero concentration. Since the 
n/N ratios are obtained from Eq. (4.99) with measurements made at finite concentrations of the 
solution, it becomes necessary to extrapolate the data to zero concentration in order to satisfy this 
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definition. There are a variety of ways to carry out this extrapolation. The variation in solution vis- 
cosity (77) with increasing concentration (c) can be expressed as a power series in c. The equations 
usually used are the Huggins equation (Huggins, 1942): 


te. z(a 
Cc c 


ee 1) = tml + kube + kyle + + (4.100) 
0 
and the Kraemer equation (Kraemer, 1938): 


l 0 ; 
ma = M = -ke - KP --- (4.101) 


It is easy to show that both equations should extrapolate to a common intercept equal to [7]. 


The usual calculation procedure thus involves a double extrapolation of Eqs. (4.100) and (4.101) 
on the same plot (see Problem 4.19) to determine [7] and hence M, from the MHS equation. 


Problem 4.19 The following are data (Schultz and Blaschke, 1941) from viscosity measurements with an 
Ostwald viscometer (r = 1.5x 107? cm, f= 11 cm) on a solution of poly(methyl methacrylate) in chloroform 
at 20°C. 


Concentration (g/cm?) x 107 Flow time (s) 
0.0000 170.1 
0.03535 178.1 
0.05152 182.0 
0.06484 185.2 
0.100 194.3 
0.200 219.8 
0.400 275.6 


(a) Determine [7] by plotting 7sp/c and Ninh against c. 


(b) Find Mv for this polymer, for which the MHS equation is [7] = 3.4x 1073 me cm?/ g. 
Answer: 
t—ft 
Neglecting kinetic energy correction since the error is small, msp/c = 7 * and 
oC 


In(t/t 
nt/to) , where f) = flow time for solvent = 170.1 s and ż = flow time for solution. 
R 


Tinh = 


Both 7sp/c and Ninn are plotted on the same graph in Fig. 4.16. The common intercept of the plots on the 
ordinate at c = 0 gives [7] = (sp/c) 9 = (nin), = 1.325 x10? cm? g~!. From Eq. (4.92): 


ee se 
v = 


1/0.8 
34x103 ) = 5.47 x 10° 


A useful initial concentration for solution viscometry of most synthetic polymers is about 1 
g/100 cm?. High-molecular-weight polymers may require lower concentrations to produce a linear 
plot (Fig. 4.16) of (7/7 — 1)/c against c, which does not curve away from the c-axis at higher 
concentrations. At very low concentrations such plots may curve upwards, which is attributed to 
adsorption of polymer on the capillary walls. 
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4.4.5 Gel Permeation Chromatography 


Gel permeation chromatography (GPC) is an extremely powerful method for determining the com- 
plete molecular weight distribution and average molecular weights. It is essentially a process 
for the separation of polymer molecules according to their size. The separation occurs as a dilute 
polymer solution is injected into a solvent stream which then passes through a column packed 
with porous gel particles, the porosity being typically in the range 50-106 A. GPC is also known as 
gel filtration, gel exclusion chromatography, size-exclusion chromatography (SEC), and molecular 
sieve chromatography. 

The principle of GPC is simple. It is shown schematically in Fig. 4.17. A schematic layout 
of a typical GPC system is shown in Fig. 4.18. Consider a stationary column packed with finely 
divided solid particles, all having the same pore size. The smaller polymer molecules which are 
able to enter the pores (tunnels) of the gel particles will have longer effective paths than larger 
molecules and will hence be “delayed” in their passage (elution) through the column. On the other 
hand, larger polymer molecules with coil size greater than the pore diameter will be unable to enter 
the pores and will thus be swept along with the solvent front to appear in the exit from the GPC 
column (Fig. 4.17) and reach the detector (Fig. 4.18) ahead of the smaller molecules. (In reality, 
the column packing itself has a distribution of pore sizes and this improves the effectiveness of 
the fractionation process for the whole molecular weight distribution.) The volume of solvent thus 
required to elute a particular polymer species from the point of injection to the detector is known 
as its elution volume. Molecular weight can be calculated from the GPC data only after calibration 
of the GPC system in terms of elution volume or retention time with polymer standards of known 
molecular weights (see below). 

The most common type of column packing used for analysis of synthetic polymers consists of 
polystyrene gels, called styragel particles (hence the name of gel permeation). These are highly 
porous polystyrene beads and are highly cross-linked so that they can be packed tightly without 
clogging the columns when the sample and the elution solvent are pumped through them under 
pressure. These are used for organic solvents. For GPC in aqueous systems, the common packings 
are crosslinked dextran (Sephadex) and polyacrylamide (Biogel). Porous glass beads can be used 
with both aqueous and organic solvents. 
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Figure 4.17 A schematic of the principle of separation by gel permeation chromatography. Black circles 
represent molecules of coil sizes < pore diameter, while crosses represent molecules of coil sizes > pore 
diameter. If a sample with molecular size distribution enters the column at the same time, the molecules will 
emerge from the column sequentially, separated according to molecular size, from larger to smaller. 
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Figure. 4.18 Schematic layout of a typical gel permeation chromatography apparatus. It is, however, a 
normal practice to use a set of several columns each packed with porous gel particles having a different 
porosity, depending on the range of molecular sizes to be analyzed. (Adapted from Allcock and Lampe, 


1990.) 
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<+— Elution volume 


Figure 4.19 A typical gel permeation chromatogram. The lower trace with short vertical lines is the differ- 
ential refractive index while the upper curve is an absorption plot at a fixed ultraviolet frequency. The short 
vertical lines are syphon dumps counted from the time of injection of the sample. The units of the ordinate 
depend on the detector, while those of the abscissa can be in terms of syphon volumes (counts) or volume of 
solvent. (After Rudin, 1982.) 


After passage through the column(s), the solvent stream (eluant) carrying the size-separated 
polymer molecules passes through a detector, which responds to the weight concentration of poly- 
mer in the eluant. The most commonly used detector is a differential refractometer. It measures the 
difference in refractive index between the eluted solution and the pure solvent. This difference is 
proportional to the amount of polymer in solution. Spectrophotometers are also used as alternative 
or auxiliary detectors. 

The elution volume (also called the retention volume) is the volume of solvent that has passed 
through the GPC column from the time of injection of the sample. It is conveniently monitored 
by means of a small siphon, which actuates a marker every time it fills with eluant and dumps its 
contents. The raw GPC data are thus available as a trace of detector response proportional to the 
amount of polymer in solution and the corresponding elution volumes. A typical GPC record (gel 
permeation chromatogram) is shown in Fig. 4.19. 


4.4.5.1 Data Interpretation and Calibration 


A GPC chromatogram (Fig. 4.19) can yield a plot of the molecular weight distribution, since the 
ordinate corresponding to the detector response can be transformed into a weight fraction of total 
polymer while by suitable calibration the elution volume axis can be transformed into a logarithmic 
molecular weight scale (explained below). Using a baseline drawn through the recorder trace, the 
chromatogram heights are measured for equal small increments of elution volume. The weight 
fraction corresponding to a particular elution voume is taken as the height of the ordinate divided 
by the sum of the heights of all the ordinates under the trace (see Problem 4.21). This process 
normalizes the chromatogram. 

Let us now consider how the elution volume axis of a chromatogram, such as shown in Fig. 
4.19, can be translated into a molecular weight scale. This necessitates calibration of the particular 
GPC column using monodisperse polymer samples. The main problem encountered in this task is 
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that monodisperse or very narrow distribution samples of most polymers are not generally avail- 
able. However, such samples are available for a few specific polymers. For polystyrene, for exam- 
ple, anionically polymerized samples of narrow molecular weight distributions (MWD) with poly- 
dispersity index less than 1.15 are commercially available in a wide range of molecular weights 
(10° to 10°). Using such narrow MWD samples, a polystyrene calibration of molecular weight 
versus elution volume can be easily obtained for the given GPC column (or columns) and the 
given GPC solvent. A problem that would then remain is to establish a relationship for the partic- 
ular GPC column between the elution volume and molecular weight of some chemically different 
polymer. We now consider these two steps in sequence. 


When a narrow MWD polystyrene sample, as described above, is injected into the GPC 
column, the resulting chromatogram, though narrow, is not a simple spike because of band- 
broadening effects and because the polymer itself is not truly monodisperse. However, no sig- 
nificant error is committed by assigning the elution volume corresponding to the peak of the chro- 
matogram to the molecular weight of the polystyrene sample, since the distribution is very narrow. 
Thus, a series of narrow MWD polystyrene samples used with the particular GPC column and the 
GPC solvent yield a set of GPC chromatograms, as shown in Fig. 4.20. The peak elution volumes 
and the corresponding molecular weights thus provide a polystyrene calibration curve (Fig. 4.21) 
for the particular GPC column and solvent used. In the next step, known as universal calibra- 
tion, the polystyrene calibration curve is translated to one that will be effective for another given 
polymer in the same apparatus and solvent. 


To extend the calibration to other polymers, a calibration parameter that is independent of the 
chemical nature of the polymer, that is, a universal calibration parameter, is required. Experimen- 
tally, it has been found (Grubisic et al., 1967) that such a parameter could be the product of the 
intrinsic viscosity and molecular weight (i.e., [ņ]M). Thus, as shown in Fig. 4.22, the logarithm 
of the product [7]M plotted against elution volume, with tetrahydrofuran used as the solvent, pro- 
vides a single curve for a wide variety of polymers, which thus suggests that a universal calibration 
procedure may be possible. (Such a single curve for different polymers is not obtained, however, 
by simply plotting log M against elution volume.) 

A theoretical validity of the aforesaid experimental observation is obtained from a considera- 


tion of the hydrodynamic volume of the polymer, as shown below. As long ago as 1906, it was 
shown by Einstein (1906) that the viscosity of a dilute suspension relative to that of the suspending 
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medium is given by the expression 


m = (n/p) = 1+ wd (4.102) 


where 77, is the relative viscosity, 7 the viscosity of the solution, 7, the viscosity of the pure solvent, 
¢ the volume fraction of the suspended material, and w is a factor that depends on the general shape 
of the suspended particle. For spherical particles, w is 2.5 and this equation then becomes 


n/N —1 = 2.5¢ (4.103) 


If all polymer molecules exist in solution as discrete entities, without overlap and each solvated 
molecule of a monodisperse polymer has an equivalent volume (or hydrodynamic volume) V and 
molecular weight M, then the volume fraction ¢ of solvent-swollen polymer coils at a concentra- 
tion c (mass/volume) is 


ġ = cVNay/M (4.104) 


where Nay is Avogadro’s number. Combination of Eqs. (4.103) and (4.104) yields 


L(a) _ 2.5V Nay 


4.105 
ei M ( ) 


Implicit in this equation is the assumption that the contributions of the individual macromolecules 
to the viscosity increase are independent and additive, which is true when the polymer solution is 
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Figure 4.22 A universal calibration curve for several polymers in tetrahydrofuran. (Drawn with data of 


Grubisic et al., 1967.) 


very dilute. Viscosity data are therefore used to extrapolate the left-hand side of Eq. (4.105) to 


zero concentration conditions, thus giving 


Multiplying both sides by M and taking logarithm gives 


log([n]M) = log(2.5 Nay) + log (lim v) 


(4.106) 


(4.107) 


The product [ņ]M is thus seen to be a direct function of the hydrodynamic volume of the solute at 
infinite dilution. Since studies of GPC separations have shown that polymers appear in the eluate 
in inverse order of their hydrodynamic volumes in the particular solvent, it may thus be stated that 
two different polymers that appear at the same elution volume in a given solvent and particular 
GPC column at a given temperature have the same hydrodynamic volumes and hence the same 
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[7]M characteristics; that is, 
log ([7]xMz) = log ([7]sMs) (4.108) 


where the subscripts x and s indicate the unknown polymer (i.e., polymer with unknown molecular 
weight) and the standard polymer, respectively. If each intrinsic viscosity term in Eq. (4.108) is 
replaced by its MHS expression [Eq. (4.92)], one obtains for the two polymers at equal elution 
volumes: 


log (K M2**!) = log (K, Mest!) (4.109) 
Solving for log My gives 
Ks l +as 
log M, = log — + log M 4.110 
ole (=) 8 k, 1 +a OEMs ( ) 


This equation describes the elution volume calibration curve for My. The elution volume (Ve) that 
corresponds to a GPC peak in the unknown polymer is used to obtain a value of log M, from the 
polystyrene standard curve (Fig. 4.21) that has been obtained in the same column and solvent, and 
M,, is then calculated from Eq. (4.110). Alternatively, a number of values of V, can be chosen 
and a new calibration curve for the polymer under study can be constructed using a standard curve 
such as Fig. 4.21 and Eq. (4.110). 

The above procedure is applicable only if the MHS constants, Ks, as, Kx, and ay, are known. 
Values of K, and as are available in the literature for the standard polymer in various solvents 
(Table 4.3), and in many cases values of Ky and a, may also be available. However, if the desired 
MHS constants are not available for the polymer under study in the GPC solvent or for the standard 
in the same solvent, they can be determined by measuring the intrinsic viscosities, as described 
earlier. 


Problem 4.20 A series of narrow distribution polystyrene standards dissolved in chloroform were injected 
into a GPC column at 35°C yielding a set of chromatograms. The following data of peak elution volumes 
and corresponding sample molecular weights were reported (Dawkins and Hemming, 1975): 


M, x 1073 
(g/mol) 867 670 411 160 98.2 51 198 10.3 3.7 


Ve (cm°) 122.7 1260 129.0 1365 141.0 147.0 1565 162.5 170.0 


Using the above data for polystyrene standards, construct a calibration curve for the molecular weight- 
elution volume of polymer X in chloroform at 35°C. The MHS constants in chloroform at 35°C may be 
taken as: K = 4.9x10~3 cm?/g, a = 0.79 for polystyrene and K = 5.4x10-3 em?/g, a = 0.77 for polymer X. 


Answer: 


A semilogarithmic plot of M, versus Ve gives the polystyrene calibration curve (cf. Fig. 4.21) for the given 
GPC column, solvent, and temperature. 


Substitution of the MHS constants in Eq. (4.110) gives the expression: log My = —0.0238 + 1.0113 log My. 
To construct an elution calibration curve (Mxvs.Ve) for polymer X, various values of Ve are assumed and 
corresponding to each of them the M, value is first obtained from the polystyrene calibration curve (Fig. 
4.21) and then M, from the above expression. A semilog plot of My versus V, gives the required calibration 
curve (Fig. 4.23). 
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Problem 4.21 | The GPC column of Problem 4.20 was used for the determination of molecular weight of a 
sample of the same polymer X. After injecting a chloroform solution of the polymer into the GPC column, 
the refractive index difference (Av) between the eluted solution and pure solvent was measured as a function 
of elution volume (V.), which yielded the following data : 


Añ x 10° 06 34 124 150 99 30 04 
V: (4-mL count) | 40 39 38 37 36 35 34 


Using the calibration curve obtained in Problem 4.20, calculate M„, My and the polydispersity index of the 
sample. 
Answer: 


The molecular weight corresponding to each elution volume is determined from the elution calibration curve 
for this polymer in Fig. 4.23. The corresponding weight fraction w; is computed from the refractive index 
difference by the following relation based on the assumption that An is proportional to concentration and 


the proportionality factor is independent of molecular weight: w; = Anj;/ >) Añi. The results are tabulated 
below. 
Elution volume Wi = Mj x10 wiM; (w;/Mj) X 10° 
(4-mL count) Anj/ > An; (from Fig. 4.23) 
34 0.009 182 1620 0.049 
35 0.067 117 7851 0.573 
36 0.221 76 16834 2.914 
37 0.336 50 16780 6.712 
38 0.277 33 9154 8.406 
39 0.076 21 1598 3.624 
40 0.013 14 187 0.957 


y=54x10 y= 23.236 


Therefore, My = YwiM; = 54x 10° g mol"!; Mn = 1/ XY (wi/Mi) = 43x10? g mol!; polydispersity 
index = M,,/M,, = 1.25. 
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EXERCISES 


4.1 Ifa polymer sample contains an equal number of moles of species with degrees of polymerization 
x= 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10, what are the number-average and weight-average degrees of 
polymerization ? 

[Ans. DP, = 5.5; DPy = 7] 

4.2 One gram of polymer A (DP, = 1000, DP, = 2000) is mixed with 2 g of polymer B (DP, = 2000, 
DP = 5000). Calculate the degree of polymerization of the mixture that would be derived from osmotic 
pressure measurements at several concentrations. 

[Ans. DP, = 1500; DP, = 4000] 

4.3 Polyethylenes A, B, and C from three sources are to be blended to achieve a weight-average molecular 
weight of 210,000 and polydispersity index (PDI) of 3.0. How much of each polymer should be used 
to obtain 10,000 kg blend ? 

Polyethylene Weight-average mol. wt. PDI 


A 130,000 2.50 
B 220,000 2.00 
C 400,000 2.50 


[Hint: Mw = È wiMy)i; 1/Mn = È wi/(Mn)i; PDI = Mw/Mn.] 
[Ans. A = 1892 kg, B = 5776 kg, C = 2332 kg; (Total 10,000 kg)] 


4.4 Polymer samples A and B are monodisperse polyisobutylenes, while sample C is a polydisperse poly- 
isobutylene. Sample A is known to have a molecular weight twice that of B and My for sample C is 
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4.5 


4.6 


4.7 


4.8 


4.9 


4.10 


4.12 


4.13 


given as 1.8x10°. Deduce the M, for sample C from the following two measurements on a mixture of 
all three samples. The mixture contains 30 g of A, 40 g of B, and 30 g of C. Light scattering measure- 
ments give a molecular weight of 94,000, while the measurement of osmotic pressure gives a molecular 
weight of 50,000. 

[Ans. 48,000 g mol7!] 


By a fractional precipitation a polymer A with most probable distribution (J = 2.0) and an osmotic 
molecular weight of 120,000 is separated into two fractions B and C with molecular weights, 200,000 
and 300,000, respectively, determined by light scattering. Calculate the weight of B that would be 
obtained from 100 g of initial polymer A. If both B and C have the same polydispersity, what is the 
value of the polydispersity index ? 

[Ans. Wg = 60 g; I = 1.92] 


A polymer P having number-average and weight-average molecular weights of 120,000 and 
300,000, respectively, was cut into fractions A and B by fractional precipitation. If A and B have 
number-average molecular weights of 90,000 and 130,000, respectively, what are the weight fractions 
of A and B obtained from the initial polymer P ? If A and B have the same polydispersity, what is the 
polydispersity index ? 

[Ans. w4 = 0.19; wg = 0.81; J = 2.45] 

By fractional precipitation, 200 g of polymer P with the most probable distribution and a number- 
average molecular weight M, = 150,000 is separated into two fractions, A and B, the former weighing 
68.0 g. Light scattering of A gives a molecular weight of 250,000. If the polydispersity index of A is 
the same as that of B, what is the number-average molecular weight of B ? 

[Ans. (Mn)g = 143,300] 


For end-group analysis, 0.8632 g of a carboxyl terminated polybutadiene (CTPB) sample dissolved 
in 1:3 mixture of ethanol and toluene consumed 5.2 ml of 0.1240 N alcoholic potassium hydroxide 
solution in titration using phenolphthalein as the indicator. Calculate the molar mass of the polymer. 
[Ans. 2672 g mol~!] 


A linear polyester was synthesized from a mixture of diacid and glycol with carboxy] to hydroxy] ratio 
greater than unity. A sample of the polyester (3.5 g) requires titration with 23 mL of N/50 KOH to reach 
a phenolphthalein end point. By vapor-pressure osmometry the molecular weight of the polymer was 
determined to be 12,000. Calculate the average carboxy] functionality of the polymer (that is, average 
number of carboxyl groups per polymer molecule). 

[Ans. 1.6] 


About 1 g (dry) of a sample of polyester polyol of M, = 3,000 was treated with bromoacetyl bromide 
(BrCH,COBr) to convert the hydroxyl end groups to bromoacetyl end groups. The treated polymer was 
found to contain 4.88% Br by elemental analysis. Estimate the average number of hydroxyl groups on 
each molecule of the polyol. 

[Ans. 2.0] 


A polyol for polyurethane foam was synthesized by polymerizing propylene oxide by using glycerol as 
the initiator (see Chapter on “Ring-Opening Polymerization”). For analysis, a sample of this polyol was 
reacted with phenyl isocyanate to convert the hydroxyl groups to urethanes which were then analyzed 
for nitrogen. The nitrogen content of the treated polymer was found to be 1.523%. Estimate the 
hydroxyl equivalent weight and molecular weight of the polyol. 

[Ans. OH equiv. = 800 g (mol OH)"!; M, = 2,400] 

The molecular weight of a polymer determined by an osmotic pressure measurement in a theta solvent 
is 20,000. What osmotic pressure (atm) would be expected at a concentration of 1.20 g/dL and 30°C ? 
Would there be a difference in molecular weight if the osmotic measurement were made in a good 


solvent ? 
[Ans. II = 0.015 atm; no difference] 


The osmotic pressure measurement of a 0.22 g/100 cm? solution of poly(vinyl chloride) in toluene at 
25°C in the apparatus shown in Fig. 4.3 indicated a difference of 7.1 mm in the heights of the solution 
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4.14 


4.15 


4.16 


4.17 


4.18 


4.19 
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and solvent levels. (a) What is the osmotic pressure (atm) of the solution? (b) If the second virial 
coefficient for poly(vinyl chloride) in toluene is F2 = 200 cm?/ g, calculate M, of the polymer. [Density 
of toluene at 25°C = 0.867 g/cm?.] 

[Ans. (a) 5.96x1074 atm; (b) 1,34,000] 


A polyisobutylene sample has M„ = 400,000. The second virial coefficient of the polymer in chloroben- 
zene solution at 25°C is T2 = 94.5 cm?/g. Calculate the osmotic pressure in g/cm? of 0.30 g/dL solution 
of this polymer in chlorobenzene at 25°C. Compare this with the value calculated for an ideal solution. 
[Chlorobenzene density at 25°C is 1.11 g/cm? J 

[Ans. TI = 0.246 g cm~?; TI (ideal) = 0.190 g cm~?] 


A polystyrene sample was dissolved in benzene to obtain solutions of different known concentrations. 
Measurement of osmotic head for these solutions at 30°C with a static equilibrium osmometer produced 
the following data : 


Concentration, c (g dL) Osmotic head, h (cm C6H6) 
0.260 0.140 
0.540 0.516 
0.755 0.966 
0.920 1.389 
1.025 1.730 


Determine for the polymer (a) Mn, (b) the second virial coefficient, and (c) the X value in benzene at 
30°C. [Density of benzene at 30°C = 0.868 g cm™?.] 
[Ans. (a) Mn = 1,972,000; (b) A> = 5.0x1074 mol cm? g; (c) x = 0.45] 


Calculate the fraction of light of A = 5460 A that would be scattered in a 1-cm path length through a 
2.0x10~* g/cm? solution of a polymer of My = 5.2x10* in a solvent of refractive index 1.3688. The 


specific refractive index increment of the polymer solution is 0.120 cm?/ g. 
[Ans. I/I = 1.74107] 


For a polymer (0.14 g) dissolved in dimethylsulfoxide (100 mL) the ratio of the intensity of scattering 
at 90° to that at 0°, i.e., (i99/ig), is measured to be 0.01 with incident light of wavelength 546 nm. The 
solvent has a measured refractive index (ñ) of 1.475 at 21°C and a dn/dc of 1.0. The turbidity 7 can be 
obtained from the relation t = kit" (i9o/io) 


using the equipment constant value k = 0.100 cm! supplied with the light-scattering photometer. De- 
termine the apparent molecular weight for the polymer sample. [Note : The molecular weight is called 
“apparent” since it is for a single point and not extrapolated to zero c.] 

[Ans. 1.15x10*] 


Light scattering results for a polystyrene sample dissolved in benzene are shown below: 


c, g dm 1.38 3.29 4.90 7.00 9.42 


Rog X 10°, cm- 4.51 7.78 9.91 11.89 13.30 
Given: K = 2.587x10~7 cm? mol g”. Determine the weight-average molar mass of the polymer 


sample. 
[Ans. 1,46,000 g mol7!] 


By measurement of light scattering (A = 436 nm) from toluene solutions of a polystyrene sample [D. 
Rahlwes and R. G. Kirste, Makromol. Chem., 178, 1793 (1977)], the following results were obtained 
for the Rayleigh ratio, R’(@), at various concentrations and scattering angles : 


=a) 
(glem?) 
2.84 


[0.0 [5.91 [3.96 [237 | 
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Make a Zimm plot using the data and determine the weight-average molecular weight of the polymer. 
Determine also the second virial coefficient T2 and the radius of gyration of the polymer in solution. 
(For toluene, ñ = 1.4976 and for polystyrene-toluene solutions da/dc = 0.112 cm3/g.) 

[Ans. Mw = 6.25x10°; [> = 460 cm? g@!; radius of gyration = 1027 A.] 


4.20 The results of light-scattering studies [D. Rahlwes and R. G. Kirste, Makromol. Chem., 178, 1793 
(1977)] for A = 4360 A on a styrene/a-methyl styrene block copolymer in toluene solution were as 
follows: 


oe 
(glem?) 
oa [495 [ 3.94 [2.80 | 


The refractive index of toluene is 1.4976 and the specific refractive index increment of the polymer in 
toluene is 0.1263 cm3/g. 


(a) Construct a Zimm plot of the data and evaluate the weight-average molecular weight of the polymer. 
(b) Evaluate the second virial coefficient A2. 
(c) Evaluate the root-mean-square end-to-end distance of the polymer in toluene solution. 
[Ans. (a) My = 3.4x10°; (b) A2 = 0.73x10~4 cm? mol g~?; (c) (r2)! = 164 nm] 
4.21 From the light scattering data of a polystyrene sample given in Problem 4.20, determine the radius of 


gyration of the polymer in solution. 
[Ans. 480 A] 


4.22 The relative flow times (t/to) of a poly(methyl methacrylate) polymer in chloroform solution are given 
below (Rudin, 1982): 


Concentration (g/dL) t/to 
0.20 1.290 
0.40 1.630 
0.60 2.026 


(a) Determine [7] by plotting 7sp/c and Ninn against c. 


(b) Find My for this polymer, given that [n] = 3.4x 10-5 ME (dL/g) 


[Ans. (a) [7] = 1.32 dL/g; (b) My = 545,000] 
4.23 Show that in the limit of infinite dilution, the reduced viscosity (77sp/c) and inherent viscosity (Ninn) are 
equal. 


4.24 The following data on intrinsic viscosities and GPC peak elution volumes at 25°C for standard polystyrene 
samples in tetrahydrofuran (THF) solution were obtained [M. Kolinsky and J. Janca, J. Polym. Sci., 
Chem. Ed., 12, 1181 (1974)]: 


53 
234 


Construct an elution volume calibration curve for poly(vinyl bromide) in THF at 25°C, given that the 
MHS constants for this system are K = 1.59x 107? cm?/g anda = 0.64 [A. Ciferri, M. Kryezewski, 
and G. Weil, J. Polym. Sci., 27, 167 (1958)]. A sample of the polymer in THF was injected into the 
same GPC column. The refractive index difference between the eluted solution and pure solvent was 
measured and plotted against the elution volume. This produced a broad peak, the maximum of which 
occurred at an elution volume of 180 cm?. Calculate the Mw of the polymer corresponding to the peak 
maximum. 

[Ans. 2.20x10°] 


5.2 
253.5 


[n] (cm”/g) 
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Chapter 5 


Condensation (Step-Growth) 
Polymerization 


5.1 Introduction 


Condensation polymerizations, also known as step-growth or simply step polymerizations, are 
merely classical organic reactions that are used to produce linear macromolecules starting from 
bifunctional monomers (that is, monomers containing two functional groups per molecule), or to 
produce polymer networks from mixtures of bifunctional and multifunctional monomers having 
three or more functional groups per molecule. The polymerization of bifunctional monomers may 
be described as a stepwise or progressive conversion of monomers with two reactive end groups 
to higher molecular-weight homologues, which themselves retain two reactive end groups. It may 
take place either by a polycondensation reaction, whereby a low-molecular-weight by-product is 
formed along with the polymer, as is exemplified by polyesterification : 


nHOOC (CH2),COOH + nHO(CH2),OH — 
HO-FOC(CH2),COO(CH2),O47H + (2n — 1) H20 


or by a polyaddition reaction in which the total reactants are incorporated in the polymer chain 
(and no by-products are formed), as is typified by polyurethane formation: 


(n + 1) OCN (CH2),NCO + n HO(CH2),OH — 
OCN-F(CH2),NHCOO(CH?2),OOCNH47(CH2),NCO 


These equations represent the overall reactions in the respective step-growth polymerizations. The 
growth of polymer molecules, however, occur by a stepwise intermolecular reaction. Thus two 
monomer molecules react to form a dimer; a dimer reacts with a monomer to form a trimer or with 
a dimer to form a tetramer, and so on. In fact, any two species in the reaction mixture can react 
with each other. Step polymerization can therefore be expressed by the general reaction : 


n-mer + m-mer — (n + m)-mer 


where n and m can have any value from 1 to very large number. Thus, a polyesterification reaction 
mixture of diacid and diol at any instance will consist of various-sized diol, diacid, and hydroxy- 
acid molecules. Any two of these molecules containing OH and COOH groups can react and the 
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chemical reaction in each step is the same, which may be written as 
ww-COOH + HO-ww — www-COO- ww + H20 (5.1) 
Similarly, polyamidation and polyurethane-forming reactions can be written as 
www-COOH + H2N-ww — ww-CONH-ww + H20 (5.2) 
ww-NCO + HO-ww — wweNH-COO- ww (5.3) 


Implicit in these equations is the assumption that the functional group on the end of a monomer 
has the same reactivity as a similar group on a n-mer of any size and that the reactivities of both 
functional groups of bifunctional species (e.g., COOH groups of a diacid and OH groups of a diol) 
in the reaction mixture are the same. These simplifying assumptions are known as the concept 
of equal reactivity of functional groups. Experimental evidence and theoretical justifications have 
been provided in support of this concept (Flory, 1953; Odian, 1991). 

A comparative account of the differences between step polymerization or condensation poly- 
merization on the one hand and chain polymerization or addition polymerization (see Chapter 6) 
on the other hand is given in Table 5.1. 


5.2 Rates of Polycondensation Reactions 


Since the reactivity of two functional groups (or rate constant) is independent of the size of the 
molecule to which they are attached, it is possible to measure the polycondensation reaction rate 
simply by determining the concentration of functional groups as a function of time. 

Let us consider the polyesterification of a diacid and a diol to illustrate the kinetic behavior 
of a typical step polymerization. Like simple esterification (Sykes, 1986), polyesterification is 
an acid-catalyzed reaction that can be represented by a sequence of reactions as shown by Eqs. 
(5.4)-(5.6). In these equations, the wavy lines (www) are used to signify that these equations apply, 
irrespective of the size of the molecular species. Equation (5.4) represents protonation of oxygen 
in carbon-oxygen double bond which leads to a more positive carbon atom for subsequent addition 
of a nucleophile, in this case www-OH [Eg. (5.5)], followed by elimination of H2O and H+ and 
formation of ester group [Eq. (5.6)]. The mechanism is generally referred to as Ay.2 (Acid- 
catalyzed, acyl-oxygen cleavage, bimolecular). The rate limiting step is the nucleophilic addition 
(Neckers and Doyle, 1977). 


+ 
OH OH 
| $ kı | | 4 
~~-C—OH + H —= ~~+C—OH <= ~~C—OH 
k1 (5.4) 
OH OH OH 
| k, o] | T 
~~~C—OH + ™~-0OH es ; x ~~ C— OH, (5.5) 
OH 
| T k3 | + 
~~C— OH) = a, + HMO + H (5.6) 
—3 
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Table 5.1 Comparison of Step-Growth and Chain-Growth Polymerizations 


Step-growth/condensation polymerization 


Monomers bearing functional groups such as 
-OH, -COOH, -NHo, -NCO, etc., undergo step 
polymerization. 


The growth of polymer molecules proceeds by 
a stepwise intermolecular reaction (at a rela- 
tively slow rate), normally with the elimina- 
tion of small molecules as by-products of con- 
densation, such as H20, HCl, NH3, etc., in 
each step. The molecule never stops growing 
during polymerization. 


Monomer units can react with each other or 
with polymers of any size. Growth occurs in a 
series of fits and starts as the reactive species 
of a monomer or polymer encounters other 
species with which it can form a link. This can 
occur even in the absence of an added catalyst. 


At any moment during the course of poly- 
merization, the reaction mixture consists of 
molecules of all sizes ranging from monomer, 
dimer, trimer, etc., to large polymer depending 
on the extent of conversion. The average size 
increases with conversion. 


Molecular species in the intermediate stages 
of growth can be readily isolated. Molecular 
weight slowly increases throughout the pro- 
cess and it is only at a very high range of con- 
version that polymer molecules of very high 
molecular weight are obtained. 


Control of molecular weight is achieved by us- 
ing a stoichiometric imbalance of the reactive 
functional group or a calculated amount of an 
appropriate monofunctional monomer. 


Backbone of polymer chains contains het- 
eroatoms such as N, O, S, etc., at regular in- 
tervals due to condensed interunit links. 


Source: Ghosh, 1990. 


Chain-growth/addition polymerization 


Monomers with carbon-carbon unsaturation 
undergo polymerization when an active center 
is formed. 


Each polymer molecule/chain increases in size 
at a rapid rate once its growth has been started 
by formation of an active center. When the 
macromolecule stops growing (due to termi- 
nation reaction) it can generally not react with 
more monomers (barring side reactions). 


Growth of a polymer molecule is caused by 
a kinetic chain of reactions involving rapid 
addition of monomer to an active center that 
may be a free radical, ion, or polymer-catalyst 
bond. The active center is produced by some 
external source (energy, highly reactive com- 
pound, or catalyst). 


At any moment the reaction mixture essen- 
tially consists of full-grown, large polymer 
molecules, unreacted monomer molecules, 
and a very low concentration (1078 — 107° mol 
L~!) of growing chains (i.e., possessing an ac- 
tive center) of intermediate sizes. 


Molecular species in the intermediate stages 
of growth cannot be isolated. Conversion of 
monomer to polymer increases with time but 
the molecular weight of the polymer remains 
more or less unchanged with the progress of 
reaction. 


Control of molecular weight is achieved by 
employing appropriate concentrations of ini- 
tiator and monomer and temperature of poly- 
merization or adding calculated amount of a 
chain transfer agent. 


Usually the backbone of polymer chains con- 
sists of -C-C- linkages and other kinds of 
atoms such as O, N, S, etc., may appear in the 
side groups. 


The rate of a step polymerization is most conveniently expressed in terms of the rate of dis- 
appearance of the reacting functional groups. Thus, the rate of polyesterification, Rp, can be 
expressed as the rate of disappearance of carboxyl groups: 


—d[COOH] 


es dt 


(5.7) 
where [COOH] represents the concentration of unreacted carboxyl groups. The progress of a 
polyesterification reaction can thus be followed experimentally by titrating the unreacted carboxy] 
groups with a base during the reaction. 
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5.2.1 Irreversible Polycondensation Kinetics 


For the usual polyesterification, kı, k-1, and k3 are large compared to k2. So when the reaction is 
run under nonequilibrium conditions by continuous removal of the by-product water, the polymer- 
ization rate can be considered to be synonymous with the rate of the forward reaction in Eq. (5.5) 
(Moore and Pearson, 1981): 


-d [COOH] 


ips dt 


= k[C*(OH)][OH] (5.8) 
where [OH] and [C*(OH)2] represent the concentrations of hydroxyl and protonated carboxyl 
groups, respectively. The equilibrium expression for the protonation reaction (Eq. 5.4) is: 


_ kı _ [C*(OH)] 
Ay S k_;  [COOH][H*] G2) 


Combination of Eq. (5.8) with Eq. (5.9) gives 


—d [COOH] k,ko[COOH][OH][H*] 
SS SL (5.10) 
dt kı 
Equation (5.10) leads to two distinct kinetic situations depending on the source of H*, that is, 
on whether or not a strong acid such as sulfuric acid or p-toluene sulfonic acid is externally added 
as a catalyst. The former is known as “catalyzed” polyesterification and the latter as “uncatalyzed” 
or “self-catalyzed” polyesterification (Odian, 1991). 
In uncatalyzed or self-catalyzed polyesterification, the diacid monomer acts as its own catalyst 
for the esterification reaction. Assuming then that [H+] is proportional to [COOH], Eq. (5.10) can 
be written (Flory, 1953) as 


d[COOH 
- a = k{COOH}’ [OH] (5.11) 
where k is the overall rate constant. 
For equimolar initial concentrations of the diacid and diol, [COOH] = [OH] = C and Eq. 
(5.11) may then be simplified (Ghosh, 1990; Odian, 1991) to 


3 
ae = kC or -o = kdt (3.12) 
Integrating Eq. (5.12), 
1 1 
2kt = e a 5.13 
a- a (5.13) 


where C, is the initial concentration of functional groups (carboxyl or hydroxyl), that is, C = C, at 
t=0. 

It is convenient here and for many other purposes as well to introduce a parameter p, called the 
extent of reaction (Ghosh, 1990; Odian, 1991), which represents the fraction of functional groups 
initially present that have undergone reaction at time f, that is, 


=C 
p= 7 or C = Q0-p) (5.14) 
0 
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Equation (5.13) then becomes 
1 
d- py 


2C7kt + 1 (5.15) 


A plot of 1/(1 — p)? vs. t should thus be linear. However, when plots are made of experimental 
values of 1/(1 — p)? versus time, it is found that Eq. (5.15) is not obeyed from p = 0 up to p = 
0.80 (i.e., for the first 80% of the esterification of -COOH and -OH groups) (Solomon, 1967), 
while above 80% conversion the same equation is obeyed very well. It may be noted that the 
deviations below 80% conversion are also observed for simple esterifications such as when the 
dicarboxylic acid is replaced by a monocarboxylic acid. An important reason for deviations from 
Eq. (5.15) in the initial region below 80% conversion is that there occur large changes in the 
polarity of the reaction mixture as the polar carboxylic acid groups are converted to the less polar 
ester linkages. The true reaction rate constants are thus to be obtained from the linear plots of 
1/1 - py versus time in this high conversion region (Solomon, 1972). 


Problem 5.1 | Equimolar mixture of 1,10-decanediol and adipic acid was polymerized under mild condi- 
tions to 82% conversion of the original carboxyl groups and the resulting product was further polymerized 
at a higher reaction temperature without any externally added catalyst, yielding the following data (Hamann 
et al., 1968) for condensation of the residual carboxyl and hydroxyl end groups. The reverse reaction of 
hydrolysis was avoided by removing the water of condensation by passing a stream of dry nitrogen through 
the mixture. 


Temperature 161°C 
Time (min) % Reaction 


Temperature 190°C 
Time (min) % Reaction 


0 0 0 0 
30 20.6 20 9.1 
60 39.0 40 16.0 
90 50.2 100 31.6 
150 61.2 150 41.1 
225 66.8 210 47.9 
300 71.5 270 52.5 
370 714.4 330 57.0 

465 711.2 390 60.0 
510 78.2 450 62.6 
550 78.8 510 64.6 
600 79.6 550 65.5 
660 80.6 700 69.2 
730 81.7 840 71.9 
800 82.5 880 72.4 


Data from Hamann et al., 1968. 
Determine the rate constants and the activation energy for the uncatalyzed reaction. 
Answer: 


Temperature 190°C 


At t = 0, conversion (p) of the original COOH groups = 0.82 and 1/(1 — py = 
1/1 — 0.82)? = 0.3086 x 102. 


At t = 30 min, conversion (p) of the original COOH groups = 0.82 + (1 — 0.82)x0.206 = 0.857 and 1/(1 — 
p° = 1/0 — 0.857? = 0.49107. 
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Values of 1/(1 — p}? are similarly calculated for other t values and plotted against ¢ in Fig. 5.1, which shows 
that Eq. (5.15) is obeyed very well in the later stages of conversion. Thus, 2C7k = slope = 1.23 min™!. 


Molar mass of adipic acid (C6H1004) = 146 g mol`! 
Molar mass of 1,10-decanediol (C10H2202) = 174 g mol”! 


Considering a mixture of 1 mol adipic acid and 1 mol 1,10-decanediol, that is, total mass = 0.32 kg, Cy = 
[COOH] = [OH] = (2 molescarboxylorhydroxyl group)/(0.32 kg) = 6.25 mol kg. Therefore, 


1.23 min“! 
kige = = Shee Ds = 1.57x1072 kg? mol? min7!, 
2(6.25 mol kg~!)2 


Temperature 161°C 


The kinetic data for 161°C are similarly plotted in Fig. 5.1, from which 2 [COOH]? k = slope = 0.428 min™!. 
Hence, 
(0.428 min™!) 


kgoce = _ = _ 5.48 1073 kg? mol? min”! 
16C 26.25 mol kg!) 


From the Arrhenius expression k = Aexp(—E/RT), 


1 1 E 
In[ky900c/k1619c| = lark = Para (8.314 J mol Jmol! °K) 


In(k k 8.314 J mol! °K7! 
E= (kiore /kis1oc) ( ) L 606x10% J mol! 


I I 
(sax K TFK) 


If a strong acid, such as sulfuric acid or p-toluene sulfonic acid, is added to a polyesterification 
system, it is a case of catalyzed polyesterification and [H*] in Eq. (5.10) then represents the 
concentration of this added catalyst. Since the catalyst concentration remains constant during the 
course of the polymerization [see Eqs. (5.4) and (5.6)], Eq. (5.10) can be written as 


oo = k’ [COOH][OH] (5.16) 


where the three rate constants kj, k-1, k2, and the catalyst concentration have been collected into 
a single rate constant k’. For a typical polyesterification (Hamann et al., 1968), k’ of the catalyzed 
reaction [Eq. (5.16)] is nearly 2 orders of magnitude larger than k of uncatalyzed reaction [Eq. 
(5.11)]. Assuming k’ > k, the rate of polymerization in the presence of strong acid catalyst can 
thus be represented by Eq. (5.16). 

For equimolar initial concentrations of diacid and diol, [COOH] = [OH] = C and Eq. (5.16) 
simplifies to 


-— = FC (5.17) 


Integration of Eq. (5.17) between C = C, att = O and C = Catt = t yields 


1 1 
kt = =--> 5.18 
CG (5.18) 
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a} 


Conversion of original COOH groups 


0 400 800 1200 
Time (min) 


Figure 5.1 Plot of Eq. (5.15) for the later stages of uncatalyzed polyesterification of adipic acid and 1,10- 


decamethylene glycol (data of Problem 5.1). (Note that the reaction time of zero corresponds to 82% conver- 
sion of the original COOH groups present.) 


Combination of Eq. (5.18) with Eq. (5.14) leads to 
1 
(1 - p) 


This equation provides a quantitative description of the dependence of conversion on reaction time 
for catalyzed polyesterification. 


= Ck’t+1 (5.19) 


Problem 5.2 How would you modify Eq. (5.18) for a case of polyesterification where k is not negligible 
relative to k’ ? 


Answer: 
If k is not negligible relative to k’, the polymerization rate will be given by the sum of the rates of both the 
catalyzed and uncatalyzed polymerizations (Odian, 1991), that is, 


—d[COOH]/dt = k[COOH]? + k' [COOH]? (P5.2.1) 
For equimolar initial concentrations of diacid and diol, [COOH] = [OH] = C and Eq. (P5.2.1) simplifies to 
-dC/dt = k + k’C? (P5.2.2) 


Integration of Eq. (P5.2.2) yields (Hamann et al., 1968) : 


k cae) 1 1l 


kt = : P5.23 
r "loac+e]*° OC G ed 


The first term on the right side of Eq. (P5.2.3) represents the contribution of the uncatalyzed polyesterifica- 
tion. For very small value of k/k’, Eq. (P5.2.3) reduces to Eq. (5.18) for catalyzed polyesterification. 
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Problem 5.3 In an externally added acid catalyzed polyesterification, the conversion increased from 98% 
to 99% in 82 minutes. Calculate an estimate of time that was needed to reach the 98% conversion. 


Answer: 


From Eq. (5.19), t = p/[k'Ca(1 - p)]. For p = 0.98, toog = 49/(k’Cy) and for p = 0.99, to99 = 
99/(k’Cy). Therefore, to.99 — to.98 = 50/(k’Cy) = 82 min, which yields k’/C) = 0.61 min™!. Therefore, 
to.9g = 49/(k’Cy) = 49/0.61 ~ 80 min. This is, however, an approximate estimate since Eq. (5.19) is not 
obeyed in the low conversion region. 


Problem 5.4 In another series of experiments similar to those in Problem 5.1 the low-molecular weight 
polyester corresponding to 82% conversion of the original COOH groups were further polymerized at 161°C 
in the presence of p-toluene sulfonic acid (0.004 mol per mol of polymer) yielding the following conversion 
data (Hamann, et al., 1968) of the end hydroxyl and carboxyl acid groups : 


Time (min) % Reaction Time (min) % Reaction 


0 0 40 82.9 
5 34.6 50 85.7 
10 54.7 60 87.9 
15 65.5 75 90.1 
20 70.8 90 91.5 
30 711.9 105 92.6 


Determine the rate constant for the catalyzed polyesterification. 
Answer: 


Let p = conversion of the original COOH groups. Att=0, p= 0.82 and 1/(1 — p)= 1/(1 — 0.82) = 
5.550. Att=5 min, p = 0.82 + (1 —0.82)x0.346 = 0.8823, and 1/(1-p) = 8.49. 


Values of 1/(1 — p) are similarly calculated for other ¢ values and plotted against ż in Fig. 5.2 which 
shows that Eq. (5.19) is obeyed very well in the later stages of conversion. Also, a comparison with Fig. 
5.1 shows that the catalyzed polyesterification is significantly faster than the uncatalyzed reaction. Now from 
Fig. 5.2, Cok’ = slope = 0.67 min™!. Since Co = [COOH], = 6.25 mol kg! (see Problem 5.1), 
k’ = (0.67 min™!)/(6.25 mol kg~!) = 0.107 kg mol™! min™!. 


Step polymerizations are usually carried out with nearly stoichiometric amounts (i.e., equal 
moles) of the two reacting functional groups and Eqs. (5.15) and (5.19) are then applicable. The 
kinetics of step polymerizations with nonstoichiometric amounts of the groups can also be treated 
(Lin and Yu, 1978) in a similar way, though the final rate expressions are quite different (see 
Problem 5.5). 


Problem 5.5 A nonstoichiometric mixture of a dicarboxylic acid and a glycol having 20 mol % excess of 
the latter and a carboxyl group concentration of 5.64 mol/kg was polymerized under nonequilibrium con- 
ditions with continuous removal of the by-product water, to about 80% esterification of the carboxylic acid 
groups. The mixture was then further polymerized in the presence of a strong acid catalyst which yielded the 
following data of the concentration of carboxylic acid groups in the mixture versus reaction time. 
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LUV 


80 
a 
— 60 
— 
mk 
40 
20 Figure 5.2 Later stages of catalyzed polyester- 
ification of adipic acid and 1,10-decamethylene 
glycol (Data of Problem 5.2). (Note that the reac- 
0 = tion time of zero corresponds to 82% conversion 


40 80 120 of the original COOH groups present.) 
Time (min) 


Time (min) [COOH] (mol/kg) 


0 1.24 
5 0.83 
10 0.48 
15 0.40 
20 0.31 
25 0.21 


Determine the reaction rate constant for the catalyzed polyesterification. 


Answer: 

Stoichiometric imbalance, r = [COOH] /[OH]o = 1/1.2 = 0.833, where [COOH], and [OH], are the 
concentrations of the original COOH and OH groups namely, [COOH] = 5.64 mol kg™!, and [OH] = 
6.77 mol kg™!. 


It is convenient to define the polymerization rate as the rate of disappearance of the functional groups present 


in deficient amount. Thus in the present case, 


-d[COOH]/dt = k’[COOH][OH] (P5.5.1) 


where kK’ is the rate constant of the catalyzed reaction. 


In esterification, COOH and OH groups react in equal molar amounts. Therefore, 
[COOH], — [COOH] = [OH], — [OH] (P5.5.2) 


Combination of Eqs. (P5.5.1) and (P5.5.2) and integration (Moore and Pearson, 1981) of the differential 
equation leads to 
1 à ( [COOH], OH) -y 
[OH], - [COOH], [OH],[COOH]) ~ 


(P5.5.3) 
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zZ 

6/6 1.5 
9, 

<= 1.0 

0.5 

0 : : Figure 5.3 Test of Eq. (P5.5.4) for nonsto- 
0 5 10 15 20 25 ichiometric polyesterification. 


Time (min) 


In terms ofr, defined above, Eq. (P5.5.3) can be rewritten as 


anit z -mr + (=) [COOH], k’t (P5.5.4) 


To test Eq. (P5.5.4), [OH] is calculated from Eq. (P5.5.2) and In([OH]/[COOH)]) is plotted against t (Fig. 
5.3). The plot is linear with a positive slope of 0.049 min=!. Therefore, 


1 = 
(=) [COOH] k’ = 0.049 min”! 


0.833 1 
k = (0.049 min! ( ) = 0.043 kg mol”! min7! 
( 9 min` ) T — 0.833) (5.64 mol ke gmol min 


5.2.2 Reversible Polycondensation Kinetics 


The concentration of a strong acid catalyst added to the reaction mixture for polyesterification 
remains constant throughout the course of polymerization. For the reversible polyesterification (as 
in a closed batch reactor) represented by 


$. 


www COOH + wwwOH > wwCOOww + H20 (5.20) 
-1 
in which the initial hydroxyl group and carboxyl group concentrations are both C, and the reaction 
is catalyzed by an externally added strong acid catalyst, we thus have the rate equation 


AO -ALON = PICOOHIOH) = %,(COOT0) (5.21) 


dt dt 
For an equimolar polymerization system, [COO] = [H20] = pC, and [COOH] = [OH] 
= (1 — p)CG, where p is the fractional conversion of carboxyl and hydroxyl groups. The rate 


equation is then obtained as 


>£ = KA- py = 2,9" (5.22) 
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The integrated form (Levenspiel, 1972) of this equation is 


N s 
in| E (2pE 2P] = 2% (— 


3 i)cu (5.23) 
PE — P PE 


where pz is the fractional conversion at equilibrium. 
At equilibrium, d[COO]/dt = -d[COOH]/dt = 0. The equilibrium constant K is then 
obtained from Eq. (5.21) as (Odian, 1991): 


, 2 
g ¥ _ 100k PeO) p 
Ky [COOH]: [OH]z [QU - pe)? 


Rearranging Eq. (5.24) gives 
pe(K - 1) - 2Kpp +K = 0 (5.25) 


Solution of this quadratic equation yields 2 roots, namely, pg = VK. IN K- 1) and y KIN K+ 1). 
The first root is meaningless since pg > 1 for K > 1 and pg = —ve for K < 1. The equilibrium 
conversion pg is therefore given by 


pe = VK/(VK +1) (5.26) 


Combining Eqs. (5.23) and (5.26), p can be obtained (Levenspiel, 1972) as 


p = — MKU -epr vB (5.27) 


1 + VK - (VK - 1)exp(-2r/ VK) 
where tT = k’Cot. 

Using Eq. (5.27), the extent of conversion in a closed batch reactor below the upper limit of 
equilibrium conversion pg can be calculated as a function of time. The equation applies equally 
to A—B and stoichiometric A—A plus B—B polymerization where none of the reaction products 
are removed from the system and none is present initially. 


Problem 5.6 Calculate the conversion that would be obtained in 1 h for reversible polyesterification in an 
equimolar system catalyzed by externally added strong acid. It is given that Cok’ = 5x 1074 s™! and K = 1. 
Compare with the conversion that would be obtained if the reaction were carried out in an irreversible manner 
by removing water from the system. 


Answer: 
Sincer = Cok’t = (5x104 s7!)(3600 s) = 1.80, Eq. (5.27) gives 
1 — exp(—2 x 1.80) 


= COO = 0.4 
p 1+1—0 ? 


For irreversible polymerization, Eq. (5.19) can be applied so that 1/(1 — p) = 1.80 + 1 = 2.80 and 
hence p = 0.64. 
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Problem 5.7 Polyurethanes having the characteristic linkage -NHCOO- are formed when a diol under- 
goes condensation polymerization with a diisocyanate (see Table 1.2). The polymerization kinetics is found 
to be of third order at very low concentrations but of second order at higher concentrations. This led to the 
proposition (Baker et al., 1949) of the following reaction mechanism: 


ki 
~~-NCO + ~~-OH [= eA (Complex) 
k ~~—_ OH 
+ 


k, II 
Complex + ~~~—OH —> ~~—NH-C—O-—-~™ + ~~—0H 


in which the alcohol acts as a weak-base catalyst. Derive a kinetic expression that accounts for the observed 
reaction orders. 


Answer: 


Corresponding to the proposed reaction scheme, the following rate expressions can be written: 


-AT = kı[-NCO][-OH] — k-ı[Complex] (5.7.1) 
L = kı[-NCOJ[-OH] — k-ı[Complex] — k2[Complex][-OH] (P5.7.2) 


Application of the steady-state approximation, d[Complex]/dt = 0, to Eq. (P5.7.2) yields 


_ ky[-NCO]I-OH] 
[Complex] = [-OH] + kq (P5.7.3) 


Substitution of Eq. (P5.7.3) into Eq. (P5.7.1) then gives 


d{[-NCO] _ ky ky[-NCO][-OH]? 
dt ~ ky + k[-0H] aS) 


Equation (P5.7.4) conforms to the experimental observation that the kinetics of the reaction changes from 
second to third order as [-OH] reduces. 


5.3 Number-Average Degree of Polymerization 


The number-average degree of polymerization of the reaction mixture, Xn, is defined (Ghosh, 
1990; Odian, 1991) as the total number (N,) of monomer molecules initially present, divided by 
the total number (N ) of molecules present at time ż, that is, 

= N, 

X, = N (5.28) 
It is easy to see that for hydroxyacids and for stoichiometric mixtures of diol and diacid, there is 
an average of one carboxyl per molecule at any state of reaction. So Eq. (5.28) can be written as 


X, = O/C (5.29) 
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where C, is the initial (at t = 0) concentration of hydroxyl or carboxyl groups and C is the concen- 
tration at some time t. Now combining Eq. (5.29) with Eq. (5.14) one obtains 
= 1 
n = —— (5.30) 
l1-p 
This equation is sometimes referred to as the Carothers equation and is applicable to all step 
polymerizations represented by equations 


nA—B — -~A—B4;- (5.31) 
nA—A+nB—B — -CA—AB—BQ;- (5.32) 


in systems containing stoichiometric amounts of A and B groups. In subsequent treatment, a 
condensation polymer formed from a monomer of the type A—B (i.e., monomer having one A 
and one B functional groups) will be referred to as type I polymer and the polymerization process 
will be called type I condensation, while a polymer formed from a mixture of A—A and B —B type 
monomers will be termed a type IT polymer and the process referred to as type IT condensation. 

It is important to note that for a polymerization system, X,, given by Eq. (5.29) or (5.30) is the 
number-average degree of polymerization of the reaction mixture (including even the unreacted 
monomers) and not just of the polymer that has been formed. For a polymer, however, there is 
a subtle difference between the number average degree of polymerization, X„, and the average 
degree of polymerization, DP,,. The former quantity is given by the average number of structural 
units per polymer chain, the residue from each monomer in the polymer chain being termed a 
structural unit (or a monomer unit). On the other hand, DP, is defined as the average number of 
repeating units per polymer chain. So, X, is not necessarily equal to DP,. For example, for an 
average polyester chain represented by H4O-R-CO-)\99—OH, both X„ and DP, are equal to 100, 
while for an average chain represented by H#O-R-OOC-R’-CO,)j99—OH, X, = 200 and DP, = 
100. 


Problem 5.8 Show that in the high conversion region, M, for uncatalyzed polyesterification is proportional 
to t!/2 and that for catalyzed polyesterification is proportional to t, where t is the reaction time. 


Answer: 


The number average molecular weight, M,, is related to X„ by (Odian, 1991): 


Mo 

+ Meg 
(1 - p) 
where M, is the molecular weight of the monomer residue(s) in the repeating unit and Meg is the molecular 
weight of the end groups of the polymer. For example, in the polyesterification of adipic acid, HO7C(CH2)4CO2H, 
and ethylene glycol, HOCH2CH20OH, the polymer is HO--CH2-CH2-COO(CH2)4COO+H. So, Me is 86 and 
Meg is 18. Since even for a relatively low molecular weight polymer Meg makes negligibly small contribution 
to Mn, Eq. (P5.8.1) can be approximated to 


My = Xn-My + Meg = (P5.8.1) 


M, = XnM, = (P5.8.2) 


By combining Eq. (P5.8.2) with Eqs. (5.15) and (5.19) one then obtains 


M,,(uncatalyzed) = My(1 + 2C,7kt)!? (P5.8.3) 
M, (catalyzed) = M,(1 + Cok't) (P5.8.4) 
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The kinetic expressions (5.15) and (5.19) are obeyed for esterifications above ~ 80%. For conversions of 
this magnitude the values of t are usually sufficiently large that unity in the parentheses of Eqs. (P5.8.3) and 
(P5.8.4) may be neglected, yielding the approximate equations (Allcock and Lampe, 1990) : 


M,(uncatalyzed) ~ M, [COOH] (2k)! 11 (P5.8.5) 
M, (catalyzed) ~ M, [COOH], kt (P5.8.6) 


? 


where [COOH], is the concentration of the carboxyl group att = 0. Evidently, M,, increases much faster with 
t in catalyzed polyesterification than in uncatalyzed polyesterification. 


In a closed batch reactor, water produced by the condensation reaction is not removed. As a 
result, its concentration builds up until the rate of the reverse reaction (depolymerization) becomes 
equal to the forward reaction (polymerization) rate. The maximum polymer molecular weight is 
determined by the extent of forward reaction when equilibrium is established. 


Problem 5.9 Show that in polyesterification of hydroxyacid or equimolar mixture of diacid and diol carried 
out in a closed vessel, the upper limit of Mn that can be obtained is (VK + 1)Mo, where K is the equilibrium 
constant for the esterification reaction and M, is the molecular weight of the monomer residue(s) in the 
repeating unit. 


Answer: 


The extent of conversion at equilibrium, pz, is given by [cf. Eq. (5.26)] 


pe = VK/(VK +1) (P5.9.1) 


Using this expression to substitute for pg in Eqs. (5.30) and (P5.8.2) at equilibrium yields the equilibrium or 
limiting values of X„ and M, as 


VK +1 (P5.9.2) 
(VK + 1)M (P5.9.3) 


Xn 


| 


n 


Note: According to Eq. (P5.9.2), even for a high equilibrium constant of 10°, a degree of polymerization of 
only about 32 can be obtained in a closed reactor with no removal of by-product water. 


Problem 5.10 The equilibrium constant K for the esterification reaction of decamethylene glycol and 
adipic acid is of the order of unity at 110°C. If equimolar amounts of the diol and the diacid are used in 
polycondensation at 110°C, what weight ratio of dissolved water (of condensation) to polymer would corre- 
spond to an equilibrium X, value of 60 at 110°C ? 


Answer: 


Since the concentration of the by-product water at equilibrium is to be determined, Eq. (5.24) is rewritten in 
the form 
[pe[COOH]o] [H2O0]z pe [H20lz 


—— a IMMO (P5.10.1) 
[COOH]; [(1 — pz)[COOH]o] (1 — pe)[COOH]z 
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which is then rearranged to 


[H2O0]z m K(1 - pe) 
[COOH] z PE 


(P5.10.2) 


[It should be noted that Eq. (P5.10.2), derived above for stoichiometric A—A plus B—B polymerization, 
applies equally to A—B systems. ] 


Using Eq. (5.30) at equilibrium, we setX, = 1/1 - pg) = 60 or pg =0.9833. 
From Eq. (P5.10.2), the ratio of dissolved water (of condensation) to polymer at this equilibrium conversion 
is 
[H20]e _ (DA — 0.9833) 
[COOH]z — 0.9833 


= 0.0170 mol/mol (P5.10.3) 


The repeating unit of the polyester being --O-(CH?2)j9-OOC-(-CH2)4-CO4-, the molar mass of the repeating 
unit = 284 g mol`}. The average molar mass of two monomer residues in a repeating unit is M = (284 g 
mol~!)/2 = 142 g mol7!. For X,„ = 60, the average molar mass of polymer, M = 60x142 or 8520 g mol"!. 
Due to stoichiometric balance between COOH and OH groups, there is an average of one COOH group per 
molecule. From Eq. (P5.10.3), the water content of the reaction mixture is then 


(0.0170 mol H2O/mol COOH)(18 g/mol H20) 


= 3.6x10>> g/g 
(8520 g/mol COOH) 


Note: Step polymerizations are often conducted at temperatures near or above the boiling point of water 
to facilitate water removal and thus drive the reaction to higher conversions required for a higher molecular 
weight. 


5.4 Control of Molecular Weight 


The quantitative dependence of X,, and hence molecular weight, on the extent of reaction in 
condensation polymerization is shown by Eq. (5.30). From the corresponding data presented in 
Table 5.2 it is evident that to produce a relatively high-molecular-weight polymer (X,, > 100), it 
is necessary to allow the reaction to proceed to a very high degree of conversion (p > 0.98) or, in 
other words, to a product that contains a very small number of chain ends. In general, this will be 


Table 5.2 Effect of Extent of Reaction on Number- 
Average Degree of Polymerization 


% Reaction Number average degree 
(px100) of polymerization (Xn) 
from Eq. (5.30) 
50 2 
75 4 
90 10 
95 20 
98 50 
99 100 
99.9 1,000 


99.99 10,000 


228 Chapter 5 


possible only when equal concentrations of the two reactive functional groups are maintained 
throughout the course of the reaction. 

It is further evident from Table 5.2 that X„, and hence molecular weight, increases very rapidly 
with conversion in the high conversion range (p > 0.99). An increase in conversion from 0.990 
to 0.999, for example, leads to a tenfold increase in X,. It is thus not a realistic proposition to 
control polymer molecular weight by adjusting the extent of conversion. An alternative procedure 
to control X„ would be to introduce, deliberately, an imbalance in the ratio of the two types of 
functional groups in the feed. 

For example, the use of excess diol in the polymerization of a diol with a diacid yields a 
polyester (I) with hydroxyl end groups which are incapable of further reaction, since the diacid 
has been completely reacted : 


HOOCRCOOH + HO R’OH (excess) — 
H-+OR’O OCRCO3,,OR’OH (5.33) 
(D 


The use of excess diacid leads to a similar result, as the polyester (II) now has only carboxyl 
groups at both ends after the diol is completely reacted : 


HOR’OH + HO OCRCOOH ( excess) —> 
HO+4OCRC OOR’O)„OCRCOOH (5.34) 
dI) 


Another method of achieving the desired molecular weight is by addition of a small amount of a 
monofunctional monomer. The monofunctional monomer effectively caps the chain end it reacts 
with and prevents further growth of the chain. 


5.4.1 Quantitative Effect of Stoichiometric Imbalance 


The stoichiometric imbalance of the two types of functional groups in a reaction mixture is de- 
termined by the ratio of the numbers of the two groups initially present. We consider below two 
specific cases (Hiemenz, 1984; Manaresi and Munari, 1989; Odian, 1991) of stoichiometric im- 
balance. 


Case 1: Polymerization of bifunctional monomers A—A and B—B, one being present in excess. 

At any point of time during the polymerization process, let Naa and Ngp be the numbers 
(mol) of monomer species A—A and B—B, and Na and Ng those of functional groups A and B, 
respectively, with Ngg > Naa. Using the same symbols with an additional subscript ‘o to denote 
quantities present initially, we may write Na, = 2Naa,, Np, = 2Npp,. and stoichiometric imbalance 
ratio or parameter, r = Na,/Np, = Naa,/Npp,- (Note that the ratio r is always defined such that 
it has a value equal to or less than unity, but never greater than unity, i.e., the groups present in 
excess are denoted as B groups.) 

Extent of reaction of A groups, pa = fraction of A groups which have reacted = (Na, — 
Na)/Na,- Similarly, pg = fraction of B groups which have reacted = (Np, — Ng)/Np,. Since 
at any time, the number of A groups reacted must be equal to the number of reacted B groups, 
(Na, — Na) = (Np, — NB). Therefore pg =rpa. 

If we assume for simplicity that any secondary reactions, such as intramolecular reactions 
leading to cyclic molecules with no end groups, can be neglected (which is justified in many 
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cases), it is easy to see that 


Number of A (or B) groups reacted 
= Decrease in the number of molecules (5.35) 


Equation (5.28) can therefore be written as 


= N, +N 
Kp Se a BR e (5.36) 
Nady + Nge — (Nas — Nay 


where the term in parentheses in the denominator represents the number of A functional groups 
that reacted and, hence, the decrease in the number of molecules. 


Introducing the parameter r, Eq. (5.36) may then be written as 


TOR l+r (5.37) 
~ 1+r-2rpa i 


It must be noted that the extent of reaction (p) is usually defined with respect to functional 
groups not in excess, i.e., A groups in the present case. Therefore, Eq. (5.37) may be simply 
written as 

= l+r 


= —__ 5.38 
1+r-2rp ( ) 


omitting the subscript A from p. When polymerization is 100% complete, i.e., p = 1.00, Eq. (5.38) 
becomes 


Xy = (5.39) 


which gives the limiting value of X, and hence the limiting molecular weight. 
When the two bifunctional monomers are present in stoichiometric amounts, i.e., r = 1.00, Eq. 
(5.38) reduces to 
> 1 


Tp) 


n 


which is the same as Eq. (5.30). 


Problem 5.11 What feed ratio of hexamethylene diamine and adipic acid should be employed in order to 
obtain a polyamide of WM, = 10,000 at 99% conversion ? Identify the end groups of this product. 


Answer: 
Formula weight of repeating unit --HN(CH2)g6NHCO(CH2)4CO+ = 226 


M = } x226 = 113; Xn = M,/M, = 10,000/113 = 88.5 
From Eq. (5.38), with p = 0.99 


= l+r 
Res, aes Wi = 0.9974 
n = Fr 270.99) POM eS Gare 


The polymerization is carried out with either COOH/NH»2 or NH2/COOH = 0.9974. For COOH/NH2 = 
0.9974, all end groups will be NH2; for NH2/COOH = 0.9974, all end groups will be COOH. 
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Case 2: Addition of small amounts of a monofunctional reactant, for example, B, to an equimolar 
mixture of A—A and B—B. 

Two approaches may be used to calculate X„. (Note that the same arguments and equations as 
given below will apply to the case where a monofunctional reactant, say B, is added to bifunctional 
monomer A-B having inherent stoichiometry.) 

Approach I uses a stoichiometric imbalance r, which is now redefined (Odian, 1991) as 


r= sa (5.40) 
NB, + 2N, 


where Ng, is the number of monofunctional B molecules initially present and other terms are as 
defined before; thus, Na, = 2Naa, and Ng, = 2Ngp,. [Note that Ng, in Eq. (5.40) is multiplied 
by 2. This is beacuse a monofunctional B molecule here has the same effect on limiting the chain 
growth as a bifunctional B—B molecule present in excess, since only one of the two B groups can 
then react.] Thus, for 1 mole percent excess B and Naa, = Nggo, r = 100/(100+2x1) = 

0.9804. With r defined as by Eq. (5.40), Eq. (5.38) is applicable for calculation of X, for a given 
p. 


Approach II uses average functionality f,, defined (Rudin, 1982) by 


LN fi 
fav 5N, (5.41) 
where N; is the number of moles of species i with f; number of functional groups. Note that fav 
represents the average number of functional groups per molecule in the reaction mixture. Equation 
(5.41) holds strictly when functional groups of opposite kinds are present in equal concentrations, 
i.e., for stoichiometric mixtures. In nonstoichiometric mixtures, the excess reactant does not enter 
the polymerization (in the absence of side reactions) and so it should not be taken into account for 
calculating fay. Let us consider a polymerization system in which Na, < Np,, where Na, and Np, 
are number of equivalents of functional groups of types A and B, respectively, present initially. 
In this case, the number of B equivalents that can react cannot exceed Na,, and therefore (Rudin, 
1982), 
2Na, 


Sav = Ma (5.41a) 


(Thus, fay represents the average number of useful equivalents of functional groups of all kinds 
per molecule present initially in the reaction mixture.) 


Let 
N = total number (mol) of monomers (of all types) present initially. 
N = total number (mol) of molecules (monomers plus polymers of all 
sizes) when the reaction has proceeded to an extent p. 
No-N = number of linkages formed at the extent of reaction p. (This follows 


from the fact that every time a new linkage is formed the reaction 
mixture will contain one less molecule.) 
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Since two functional groups react to form one linkage, moles of functional groups lost in forming 
(No — N) moles of linkage = 2(N, — N ). Thus, 


No. of functional groups used 


Extent of reaction, p ————— AET AR 
No. of functional groups present initially 


2(N, — N) 
—— 5.42 
No fav ( ) 
whence N = 5 (2N, — Nop fav). 
Therefore, from Eq. (5.28): 
Xn = M M Se (5.43) 


N = (2N, — Nop fav)/2 a= Pfav 


Problem 5.12 For some applications of nylon-6,6, it is desirable to have M, below 20,000. For making 
the polymer by polycondensation of hexamethylene diamine and adipic acid, how much acetic acid per mol 
of adipic acid should be added so that M,, does not exceed this value? Use both Approaches I and II for 
the calculation. 


Answer: 

Formula weight of repeating unit -fHN(CH2)g.NHCO(CH2)4CO} = 226. 
M, = 226/2 = 113; Xn = 20,000/113 = 177. 

Approach I 


_ 1 
From Eq. (5.38): limps) Xn = Sa = 177. Solving,r = 0.9888. 
1+r-2r 


Let x mol of acetic acid be added for every mol of adipic acid. 


2 1 ; 
From Eq. (5.40): r = zro aa = 0.9888. Solving, x = 0.0113. 


So for every mol of adipic acid 0.0113 mol of acetic acid is to be added. 


Approach II 
é > 2 f 
From Eq. (5.43), limp>1 Xn = >~; = 177. Solving, fav = 1.9887. 
2 = 1X fay 

Let x mol of acetic acid be added for every mol of monomer. 

Component mol f Equivalents 

H2 N(CH2)sNH2 1 2 2 

HOOC(CH2)4COOH 1 2 2 

CH3COOH x 1 x 

Total 2+x 


Total amine equivalents = 2; total acid equivalents = 2 + x. 


fot 2 x equivalents of limiting group _ 2x2 = 1.9887 
total moles 2+x 


Solving, x = 0.0114, in agreement with the result obtained by Approach I. 
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5.5 Molecular Weight Distribution (MWD) 


The molecular weight distribution (MWD) has been derived by Flory (1953) by a statistical ap- 
proach using the principle of equal reactivity of all functional groups of a given chemical type, 
irrespective of the size of the molecule to which they are attached; that is, the reactivity of each 
type of group does not change during the course of polymerization. The derivation given below 
applies equally to A—B (Type I) and stoichiometric A—A plus B—B (Type II) step polymeriza- 
tions. 
Consider, as an example, an A—B type polymerization 

xHO-R-COOH — H-€O-R-CO-,OH + (x - 1) H20 
The polymer chain may be written as (Ghosh, 1990): 
HO-R- COO-R- COO-R- COO-R- COO- +»... R- COO-H 

1 2 3 4 x 
(II) 

Probability that a given group has reacted = fractional extent of reaction (p). 
Probability that a given group has not reacted = 1 — p 


In a polymer consisting of x monomer residues, the number 
of ester linkages = (x — 1) 


Probability that the molecule contains (x — 1) ester groups = p*~! 
Probability that the xth carboxyl group is unreacted = (1 — p) 


Therefore, the probability that the molecule in question is composed of 

exactly x units = p*-!(1 — p) = ny (5.44) 
where ny is the mole or number fraction of molecules in the polymer mixture which are x-mers, 
and is also given by 


nx = N,/N 


Here N, is the number of molecules which are x-mers and N is the total number of molecules at 
the extent of reaction p. However, N = WN,(1 —p), which is the same as Eq. (5.43) with fay = 2. 


Equation (5.44) therefore becomes 


Ne = NL -= p? pe! (5.45) 
Let 
M, = formula weight of a monomer that has reacted at both ends, i.e., 
—R-COO- (the end groups OH and H having reacted). 
Therefore, for an x-mer (structure III) the formula weight = xM, (neglecting unreacted ends 
OH and H). 


Total weight of all molecules = NM, (neglecting unreacted ends OH and H). 
Hence the weight fraction wy of x-mers is 


ee NxM, Š N; x (5.46) 
NM, No 


Combining Eq. (5.46) with Eq. (5.45) one obtains 


Wy = x1 — ppt! (5.47) 
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Figure 5.4 Mole fraction or number fraction distribution of reaction mixture in linear step-growth polymer- 
ization for conversions of 94%, 96%, and 99% [Eq. (5.44)]. (Drawn following the method of Flory, 1953.) 


Equations (5.44) and (5.47) describe the differential number and weight distribution functions, 
respectively, for linear step polymerizations at the extent of reaction p. These distributions are also 
known as the most probable or Flory distributions (Figs. 5.4 and 5.5). 


Problem 5.13 Calculate the extent of reaction necessary to obtain the maximum yield by weight of species 
consisting of 100 monomer units in step-growth polymerization of a stoichiometric mixture. Derive first a 
general expression to obtain this. 


Answer: 


To determine the value of p at which wx reaches a maximum, one has to find the value of p at which the 
derivation of wy with respect to p is zero. From Eq. (5.47): 


dwx/dp = x(x - D0 - pêp? -2x0 - p)p*"! = 0 
Thus the value of p at which wy is maximum is 


x-1 


= P5.13.1 
p E] ( ) 
100 - 1 
= —— = 0.98 
100 + 1 


Problem 5.14 Show mathematically that the maximum of the weight distribution function at high conver- 
sions in a most probable distribution is located at the number average degree of polymerization Xp. 


Answer: 


To determine the value of x at which w, reaches maximum, one has to find the value of x at which the 
derivative of wy with respect to x is zero. Thus from Eq. (5.47): 


dw,/dx = (1 - p° |p! + xp*"!Inp| = 0 (P5.14.1) 
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Figure 5.5 Weight fraction distribution of reaction mixture in linear step-growth polymerization for conver- 
sions of 90%, 96%, and 99% [Eq. (5.47)]. (Drawn following the method of Flory, 1953.) 


At high conversions with p close to unity one can setq = 1 — pandInp = In(1 - q) = -q + ; 
For maximum wy at a given p, one thus derives from Eq. (P5.14.1), 


x = 1/0 - p) (P5.14.2) 


= Xn, [cf. Eq. (5.50) derived below] 


which signifies that, at high conversions, maximum yield by weight is obtained for species containing the 
same number of monomer units as the average degree of polymerization of the reaction mixture. 


Note: An alternative way to derive Eq. (P5.14.2) is to calculate dInw,/dx and set it equal to zero. 


5.5.1 Breadth of MWD 


The number-average degree of polymerization is given by 


z _ DAN, —  YXNy Vien, (5.48) 


EN N 


where the summations are over all values of x. [Equation (5.48) may be compared with Eq. (4.7a) 
for DP„. Note that n, in Eq. (4.7a) represents the average number of repeating units in polymer 
chains, while ny in Eq. (5.48) represents the average number of monomer residues in polymer 
chains. | 

Combination of Eqs. (5.44) and (5.48) then gives 


Xn = Yixp* "(1 - p) (5.49) 
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Evaluation of the series summation in Eq. (5.49) for fixed p yields (see Appendix 5.1): 


= < 7 1-p 1 
X, = d-p)¥ xp! = ——~ = — (5.50) 
i P23 =p iep 


Note that the same result was also obtained earlier [see Eq. (5.30)]. 
The weight-average degree of polymerization, Xw, is given by [cf. Eq. (4.12a)] 


X, SD xw (5.51) 
Substituting for wx from Eq. (5.47) one gets 
X, = epa - py (5.52) 


Evaluation of the series summation in Eq. (5.52) for fixed p yields (see Appendix 5.1): 


2 
E E ser < a- dtp) _ U+p) 5.53 
a Ae a-p 7 ap s 


The breadth of the molecular weight distribution curve is then obtained as 


= = = (1 +p) (5.54) 


The z-average degree of polymerization, X;, is given by 


X. = Drws (5.55) 


È XWx 


An expression of X, in terms of p is then obtained by combining Eqs. (5.47) and (5.55) and 
performing series summation (see Problem 5.16): 


2 
X= ee (5.56) 


Problem 5.15 In a polymerization of Hy N(CH2);ygCOOH to form nylon-11, 95% of the functional groups 
is known to have reacted. Calculate (a) amount of monomer (in terms of weight fraction) remaining in the 
reaction mixture, (b) weight fraction of the reaction mixture having a number-average degree of polymer- 
ization equal to 100, and (c) the extent of reaction at which the 100-mer has the maximum yield by weight. 


Answer: 
(a) From Eq. (5.47), forx = landp = 0.95: 


wy = (DU = 0.95)7(0.95) = 2.5x10 (i.e. 0.25% by weight) 
(b) From Eq. (5.47), forx = 100, p = 0.95: 
woo = (100)(1 — 0.95)°(0.95)? = 1.56107 (ie., 0.156% by weight) 


(c) From Eq. (P5.13.1), forx = 100: pioo = (100 — 1)/(100 + 1) = 0.98 
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The derivations given in Section 5.5 for A—B type polycondensation (type I) hold also for 
A—A plus B—B type polycondensation (type II) reactions when there are precisely equivalent 
proportions of A—A and B—B reactants and the principle of equal reactivity of all functional 
groups of the same chemical type, irrespective of the size of the molecule, is applicable. Now, 
however, x will represent the combined number of both types of units in the polymer chain. There- 
fore, in place of M, in Eq. (P5.8.2) one has to use the average weight of units Ma and Mg or 
one-half of the repeat unit in the polymer chain. If, moreover, there are more than 2 monomer 
types in the reaction mixture, a weighted average of all units is to be used. 


Problem 5.16 In the polymerization of equimolar mixture of HO2C(CH2)4CO2H and H? N(CH2)6 NH3 to 
form nylon-6,6, 99% of the carboxylic acid groups are known to have reacted. Calculate Mn, My, and M; 
of the reaction mixture at this conversion. 


Answer: 
Mo = 5x Formula weight of repeating unit --HN(CH2)g6NHCO(CH2)4CO} = 113 
From Eq. (5.50): 


= 1 = = 
Xn = T _ 0.99 = 100, Mn = Xn Mo = 11,300 


From Eq. (5.53): 

Xw = (1 +0.99)/(1 — 0.99) = 199; My = XwM, = 22,487 
From Eq. (5.47): 

De ws = Bel- = = py Yep! 


Using the appropriate series summation from Appendix 5.1, 


1+4 2 
Son 2 (P5.16.1) 
(1 -= p) 
From Eq. (5.53): 
$xw: = Xy =(+p/0-p) (P5.16.2) 
Substituting Eqs. (P5.16.1) and (P5.16.2) in Eq. (5.55), 


(1 + 4p + p) 
(1 +p- p) 
1 + 4(0.99) + (0.99)? 


= = 298.50 
(1 + 0.99)(1 — 0.99) 


> 
ll 


M. = XM, = 33,730 


N 
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Problem 5.17 In a synthesis of polyester from 2 moles of terephthalic acid, 1 mol of ethylene glycol, and 
1 mol of butylene glycol, the reaction was stopped at 99.5% conversion of the acid. Determine (a) M, and 
M.,, of the polyester; and (b) mole fraction and weight fraction of species containing 20 monomer units. 


Answer: 

Ma = -OCC6H4CO- = 132 gmol™!; Mg, = -OCH2,CH20- = 60g mol7!; 

Mp, = —O(CH2)4O- = 88 gmol™!; My = (2Ma + Mp, + Mp,)/4 = 103 g mol™!. 
(a) From Eq. (5.50), 


ee ie M 103 g mol`! -1 
M, = X,M = = = 20,600 l 
4 no = Eee O95) es co 


eo 15 M, (1 
My = XwM, = MQ + p) 
(1 - p) 
-1 
= (103 g mol™ )\(1 + 0.995) = 41,100 g mol! 
(1 — 0.995) 


(b) From Eq. (5.44), n29 = (1 — 0.995)(0.995)0-)D = 0.0045 
From Eq. (5.47), wo9 = (20) — 0.995)2(0.995)29-) = 0.0005 


Problem 5.18 Consider polymerization of a nonstoichiometric (r # 1) mixture of A—A and B—B. If the 
reaction goes to completion (i.e., p = 1 for the limiting group), derive expressions for nx, wx, Xn, and X, of 
the mixture. Assume that only reaction between A and B end groups takes place and all end groups of the 
same type (A or B) are equally reactive, irrespective of the size of the molecules to which they are attached. 


Answer: 


Define Na, = initial number (mol) of A groups; Ng, = initial number (mol) of B groups; Na, Ng = 
number (mol) of A and B groups, respectively, at some time after the reaction started; Let Na, < Np. Le., 
A groups are deficient and can be completely reacted; stoichiometric ratio,r = Na,/Np, < 1; extent of 
reaction, pa = (Nay - Na) INA- 


Since all A groups have reacted (pa = 1), the reaction mixture can have only odd number species, such 
as monomer, trimer, pentamer, and so on. Consider one such species, say, pentamer (Rempp and Merrill, 
1986): 


Probability  B--BA--AB--BA--AB--B 
of reaction rxl1ixtitrxt 1x1 (1-r) 


The probability that a B group selected at random has reacted (with A) is pp = pANa,/NBo = r. 
So the probability that a B group has not reacted = 1 —r. 


The probability of formation of the pentamer chain shown above can be determined as follows (Rempp 
and Merrill, 1986): Since all A groups have reacted (p4 = 1), the probability of the left end group being B 
is 1. If we start from this end and move toward the right, the probability that the next B group has reacted 
is r (as explained above) and that it has reacted with A is r x 1 (since B can react only with A). The reacted 
A group is followed by another A group which therefore means that the next group is a reacted B and the 
probability is 1x1. The next group to the right is also B and the probability that it has reacted with an A 
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group isr x1. Another A group then follows and it is connected to a reacted B with probability 1 x 1. The 
probability that the next B group is unreacted is (1 — r). Therefore the probability of selecting a pentamer is 


Ps = (rx DUXDEXDUxDd-n = PO -r) 


and the corresponding probabilities for monomer and trimer are 


P= d-n 

P = r-r) 
In general, Py = ræ- DI 2(1 — r). (Note that x can have only odd values as no even number species can 
exist.) 


The probabilities P can be equated to mole fractions (number fractions) n, i.e., 
n, = r°-DP2 (1 -r) (x is odd) (P5.18.1) 


The number-average degree of polymerization is given by 


X, = 2zi Mx Sar D2 = 1) (P5.18.2) 
x=1 "x x=1 
If we set x = 2z—1 (Rempp and Merrill, 1986), so that if x = 1,3,5,---, z=1,2,3,---, then Eq. (P5.18.2) 
leads to 
Xn = X2- DEVA - 7) 


z=1 


ad- pza - a 
z=1 


z=1 


2 1 
= (l1 - pa — — (see Appendix 5.1) 
1 
peed (P5.18.3) 
l-r 
Note that this expression can also be derived from 
Xn = N/N (P5.18.4) 
where No = number (mol) of mers = Na,/2 + Np,/2 = Na (i + 1/r)/2 and 
N = number (mol) of species on completion of reaction (pa = 1) 
= number (mol) of pairs of ends 
1 
= (Ng, - Na,)/2 = Na à 1)2 
Therefore, 
_ No l+r 
Xn =— = P5.18.5 
ms N l-r ( ) 
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which is identical with Eq. (P5.18.3) and with Eq. (5.38) for p = 1. 


Consider now weight fractions of various species, namely x-mers with x = 1, x = 3, x = 5, and so on. The 
weight fraction wy of x-mers is 


M 
we = MM mex (P5.18.6) 
NM No 


number (mol) of species which are x-mers 
mole fraction of x-mers (nx) x total moles of species after reaction (N) 
and M, = average formula weight of mers. 


where Ny 


Substituting for nx and N/N, from Eqs. (P5.18.1) and (P5.18.5) into Eq. (P5.18.6), 


1 cart 2 
ee KG: = (P5.18.7) 


If we set x = 2z—1 (Rempp and Merrill, 1986), so that for x = 1, 3, 5, .-- we havez = 1,2,3,---,andso 


= Zoop Ery 
xw = Lz- Dred. = (P5.18.8) 
tl zi l+r 


which yields, using appropriate equations from Appendix 5.1, 


ia 41 +r) 4 1 Ja-r? 
e A Ee 
oar (A - ry d-r) l-r] Qd+nr) 
Bs SOREL (P5.18.9) 
— [=r ltr ltr mi 
Now since Xy = È x Wx, we have 
= 4 4 1- 
X, = = rowan (P5.18.10) 
l-r l+r l+r 
X 4 41 - 1-r¥ 
ani (2% s Abar +( 4 (P5.18.11) 
Xn l+r (L+r/ l+r 


Forr = 1, this reduces to Xy/Kn = 2 [cf. Eq. (5.54) for p = 1]. 


Problem 5.19 A polyester, poly(ethylene terephthalate), was synthesised by reacting one mole of dimethyl 
terephthalate and two moles of ethylene glycol, the reaction being carried to 100% exchange of the methyl 
group forming the ester link between glycol and terephthalate. Calculate (a) number average degree of 
polymerization, (b) weight-average degree of polymerization, (c) polydispersity index of the product, and (d) 
mole fractions and weight fractions of monomer, trimer, and pentamer in the reaction product. 


240 Chapter 5 


Answer: 
Consider A = —COOCH3, B = —OH. Therefore, for the given composition, r = 5 


(a) From Eq. (P5.18.5), Xn = (1+ 5)/(1- 5) = 3 


= 4 4 1 
(b) From Eq. (P5.18.10), Xw = -~ zs +e = 


(c) = Xy/Xn = 17/9 


(d) From Eq. (P5.18.1): nı = 1/2, n3 = 1/4, ns = 1/8 
From Eq. (P5.18.7): w = 1/6, w3 = 1/4, w5 = 5/24 


Problem 5.20 Assuming that from the polymerization system of Problem 5.19 all excess ethylene glycol 
is distilled out along with the by-product methanol, what would be (a) X, and (b) Xy ofthe reaction 
product ? 


Answer: 
(a) 
z = esh _ Eg - 1) 
ey Elan l-n 
d4+n/d-r)-d -nr) 
l= 07 (cf. Eqs. (P5.18.1) — (P5.18.3)] 
= 5 (sincer = 1/2) 
(b) 
X, = Dye AW Deep xWx — 101) 
a Te e = 


From Eq. (P5.18.7), 


(1/2) 1 
= 1x(} SyS 
Wi x(5) x G/2) 6 
From Eq. (P5.18.9), 
Be 4 4 l-r 17 


$xw: = - + A 


l-r l+r l+r 


zs TBU — 33 _ 
Therefore, Xy = 1 — (1/6) Pig cs 6.6 


Problem 5.21 Consider the synthesis of nylon-6,6 from hexamethylene diamine and adipic acid, the mole 
ratio of the diacid to diamine being 0.99. Estimate the degree of polymerization of species which has the 
maximum yield by weight at the completion of the condensation. 


Answer: 
Substituting x = 2z — 1 (Rempp and Merrill, 1986) in Eq. (P5.18.7), 


we = 2z- D) A -rA +n 
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To determine the value of z at which the weight fraction w, reaches a maximum, one has to find the value of 
z at which the derivation of wy with respect to z is zero: 


d 1-r° 
W 2 EN eae W 
d (+n 


(Inr — 2)/(2lnr) 


Z 


Therefore, x = 2z — 1 = —2/lnr. Forr = 0.99, x= 199. 


Proceeding in the same way as in Problem 5.18, derivations can be obtained (Rempp and Mer- 
rill, 1986) for the general case of nonstoichiometric mixtures of A— A and B—B with incomplete 
reactions, i.e., r# 1 and p # 1. However, approximate values can also be calculated using the 
equations for stoichiometric mixtures derived above, if pa is now replaced by par! (see Problem 
5.22). 


Problem 5.22 Consider synthesis of nylon-6,10 from hexamethylene diamine, Hy2N(CH2)gNH)o, and se- 
bacic acid, HOOC(CH>2)gCOOH, where the mole ratio (r) of the diacid to the diamine is 0.99. At 98% 
conversion of carboxylic acid groups (i.e., pA = 0.98) determine (a) Mn and Mw of the product, and (b) 
the sum of the mole fractions and of the weight fractions of species of degrees of polymerization 1 through 6 
inclusive. Follow the approximate method of using equations for the stoichiometric case but with pa replaced 
by par!?. 

Answer: 


Let A—A represent the diacid and B—B the diamine. 

Ma = -HN(CH2)6NH- = 114 gmol7!; Mg = -OC(CH2)gCO- = 168 g mol7!. 
pa = 0.98; r = 0.99; par! = (0.98)(0.99)/2 = 0.9751. 

M, = (114 + 168)/2 or 141 g mol™!. 


From Eq. (5.50): Mn _x l 
rom Eq. (5. ` T 


= B iera M, = Fa = 
=X; = 1~ 0.9751 40.16. Therefore, Mn 40.16 (141 g mol™) 5663 g 


mol”! 
1 + 0.9751 
1 — 0.9751 


From Eq. (5.44): 5°_; ne = (1 — 0.9751) Zf_; (0.9751)! = 0.1404. 


From Eq. (5.53): My = (141 g mot!) ( = 11,184 gmol"!. 


From Eq. (5.47): ¥6_; wy = (1 — 0.9751)? 5°, x(0.9751)*-! = 0.012. 


5.6 Nonlinear Step Polymerization 


5.6.1 Branching 


A special kind of step-growth polymer may be produced by carrying out polymerization of an 
A—B type bifunctional monomer in the presence of a small amount of a second monomer Af 
containing f(> 2) functional groups. The value of f represents the functionality of the monomer; 
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thus, if f = 3, Ay represents a trifunctional monomer, *(—A)3, having three A end groups on the 
same molecule. If reaction occurs only between A and B groups and neither A groups nor B groups 
are capable of reacting with each other, the product of polymerization of A—B in the presence of 
trifunctional Ay will lead to a branched polymer (Odian, 1991) of structure (IV). 


ww A—BA—BA—@— AB— AB—Awww 


Branch point 


Www > — 0 > — > — Oo pr 


(IV) 


Branched polymer molecules of this type cannot react with each other since the reactive group 
at the end of each branch is A. Thus, the formation of network or crosslinked structures cannot 
take place. For A—B + *Ay with f = 2, the polymer formed will be linear, and for all higher 
values of f only branched polymers will be formed. 

Molecular weight distribution in the above type of nonlinear or multichain step polymerization 
would be expected to be much narrower than in linear or monochain polymerization. This can be 
explained as follows. Consider, for example, polymerization of bifunctional monomer A—B with 
a small proportion of an f-functional substance Ay leading to polymer molecules of the type 
*[-A(B—A),]¢, [see ([V)] where it is understood that y, the number of units in a chain, may differ 
for each of the f chains. The sum of the y values of all the chains, say x, gives the size of the 
multichain polymer molecule. A polymer molecule of size much larger, or much smaller, than 
the average x is less likely in multichain than in monochain polymerization. Otherwise, the f 
branches making up a multichain molecule would have to be all very long or all very short, and 
such cooperation among different components would indeed be very unlikely. Molecular weight 
distributions for multichain polymers will thus be narrower than for ordinary monochain polymers 
and this difference will increase as the number of branches, i.e., as the value of f increases. 

The number-average degree of polymerization, X,,, and the weight-average degree of polymer- 
ization, X\, derived statistically (Shaefgen and Flory, 1948) are expressed as 


Xn 


Il 


(frp + 1 — rp)/(1 - rp) (5.57) 
(f - 1)? (rp? + Bf - 2)rp +1 
(frp + 1 —rp)d - rp) 


>| 
| 


(5.58) 


The ratio of the weight-average degrees of polymerization to number-average degree of poly- 
merization is 


B frp 
os aie (5.59) 


| 
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In the limit of r = f = 1, Eqs. (5.57), (5.58), and (5.59) reduce to Eqs. (5.50), (5.53), and (5.54), 
respectively, for linear polymerization. 
Further, in the limit of p = 1, Eq. (5.59) reduces to 


(5.60) 


The size distribution therefore becomes narrower with increasing functionality of Ay. For f = 
1, Eq. (5.60) gives X„/Xn„ = 2, as would be expected for most probable distribution in linear 
polymerization. Note also that f = 1 corresponds to Case 2 of stoichiometric imbalance in linear 
polymerization (see p. 230). 


5.6.2 Crosslinking and Gelation 
Consider polymerization of a system consisting of 
A—B, e.g., hydroxyacid HO-R-COOH 
Af (f >2), e.g., triol R’(OH)3 
and B—B, e.g., dicarboxylic acid HOOC-R”-COOH 


In this system, A—RB is the chain forming monomer, Ap is the branch inducing monomer, 
while the monomer B—B is a coupling monomer as it can join two chains having unreacted A 
groups. A branch joining the two polymer chains is called a crosslink (Odian, 1991). Note that 
branches ending in A groups cannot join by themselves to form a crosslink. The role of B—B, 
besides that of A f, is thus critical in crosslink formation, as shown in structure (V) (Ghosh, 1990). 
Crosslinking can also occur in other systems involving multifunctional reactants. A few such 
systems are (A—A + B—B + Af), (A—A + Bp) and(Af + By), where f >2. The 
crosslinking reaction is very important from the point of view of application (see Section 1.5.1). 

ww A—BA—BA—e— AR—AB— Aww 


| 
A 
B 
| 
A 
B : 
| Crosslink 
A 
B 
l 
B 
f 
www A—BA—BA—®— AB— AB— AB—AB—BA AB— Aww 
Crosslink 
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Figure 5.6 Variation of viscosity (7) and degree of polymerization (Xn) with time and extent of reaction in 
the system succinic acid + diethylene glycol + 1,2,3-propanetricarboxylic acid. The observed gel point (pe) 
is 0.894, while pc calculated from Eq. (5.72) is 0.843. (From data reported by Flory, 1941, 1946.) 


The formation of crosslinks leads to the onset of gelation at some point in the polymerization 
reaction. Phenomenologically, the gel point is defined as that point in the reaction where the 
system loses fluidity and the viscosity becomes so large that an air bubble cannot rise through it. 
A gel is an insoluble polymer fraction, the insolubility being caused by crosslinks between the 
polymer chains leading to the formation essentially of a single macroscopic molecule. However, 
at the gel point not all the material is insoluble. Only the gelled portion (and it represents only a 
small percentage of the total reaction mixture) is insoluble while the other portion is soluble. The 
portion that is soluble is referred to as the sol, whereas the part that is insoluble is referred to as 
the gel. 

The course of polyesterification in an experimental crosslinking system of the type A—A 
+ B—B + Ay is shown in Fig. 5.6. There occurs, at first, a general increase in viscosity and 
then a sudden big increase as the gel point is approached. Also the reaction, as measured by the 
conversion of the reactive group, proceeds very slowly near the gel point. These two factors make 
it difficult to determine the gel point from the measurement of conversion or viscosity. 

Since gelation is irreversible and it results in a loss of fluidity of the system, it is obviously 
important to be able to predict the onset of gelation from the extent of reaction or conversion of 
functional groups. 


Average Functionality Approach As we derived earlier [see Eq. (5.43)], the number-average 
degree of polymerization X, of the reaction mixture is given by 


= 2 
X, = —— 5.61 
n Toate (5.61) 


where fay is the average functionality of the reaction mixture. Equation (5.61) can be rearranged 
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to 
2 2 


g fa 7 Nada 


Equation (5.61), which reduces to Eq. (5.30) for fay = 2 and is also referred to as the Carothers 
equation, relates the extent of reaction and the degree of polymerization to the average functional- 
ity of the reaction mixture. 

Since the number-average degree of polymerization of gel can be considered to be infinite (see 
Problem 1.5), i.e., X, > œ, Eq. (5.61) gives the extent of reaction at the gel point, called the 
critical extent of reaction or critical conversion as 


p (5.62) 


2 


c= (5.63) 

pe le 
Thus, for a glycerol-phthalic acid (2:3 molar ratio) stoichiometric system, fay = (2X3 + 
3x2)/(2 + 3) = 24 and, hence, pe = 2/24 = 0.833. For applying Eq. (5.62) to 


nonstoichiometric mixtures, however, fay must be calculated as the average useful functionality of 
the reaction mixture. 


Problem 5.23 Can the following alkyd recipe be reacted to complete conversion of the limiting reactant 
without gelation ? 


Phthalic anhydride CgH4(CO)20 = 2.0 mol 
Glycerol CH2(OH)CH(OH)CH2(OH) = 0.3 mol 
Pentaerythritol C(CH2OH)4 = 0.6 mol 


Answer: 

Component Moles Functionality Equivalents 
Phthalic anhydride 2.0 2 4.0 
Glycerol 0.3 3 0.9 
Pentaerythritol 0.6 4 2.4 


Total 2.9 1.3 


Total acid equivalents = 4.0 and total OH equivalents = (0.9 + 2.4) = 3.3 


From Eq. (5.41a), since the OH equivalents are in deficient supply, fay = 2%X3.3/2.9 = 2.2759. 
(Note that this represents the average useful functionality of the reaction mixture, while the overall average 
functionality is 7.3/2.9 = 2.5172.) Therefore, 


2 2 
Pe D= SS = 0.88 
fav 2.2759 
Since the OH is the limiting reactant, its conversion at the gel point (Carothers) = 0.88. So complete 


conversion of OH without gelation is not possible. 


Problem 5.24 Consider a nonstoichiometric reaction mixture consisting of Naa moles of A—A, NgB 
moles of B—B, and Na, moles of f-functional Ay with f > 2. Assuming that B groups are in excess, derive 
an expression for the conversion of the limiting reactant at the gel point. 
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Answer: 


From Eq. (5.41a), 


2(2N, + fN 
fay = ole (P5.24.1) 
Naa + Nep + Na; 


The ratio of A groups to B groups is given by 


2Naa + fN 
Naa + SNA (P5.24.2) 
2NBB 
The fraction of all A groups which belong to the reactant with f (>2) is given by 
N 
pee EA E (P5.24.3) 
2Naa + JNa; 
Combination of Eqs. (P5.24.1)-(P5.24.3) yields 
4 
fe rf (P5.24.4) 
f +2rp+rfQ -p 
which can be substituted into Eq. (5.63) to yield 
1- 1 
— =p LP (P5.24.5) 


2 2r f 


The extent of reaction pe at the gel point refers to the extent of reaction of the A functional groups. The 
extent of reaction of the B groups at the gel point is rpe. [Note that Eq. (P5.24.5) is applicable only to 
A—A+B—B+ A, (f >2) or B—B + Aş (f > 2) systems with B groups being in excess over A groups, 
while Eq. (5.63) is applicable to all systems with fay > 2. Both Eqs. (5.63) and (P5.24.5) are based on 
Carothers’ theory.] 


5.6.2.1 Statistical Approach 


Systems with one type of branch unit A statistical approach was used by Flory (1941, 1943, 
1953) and Stockmayer (1943, 1953) to derive an expression for the prediction of the extent of 
reaction at the gel point. In this approach, it is assumed that: (1) the reactivity of all functional 
groups of the same type is the same and independent of molecular size and (2) there are no in- 
tramolecular reactions between functional groups of the same molecule. 

Consider polymerization of bifunctional molecules A—A, B—B, and trifunctional molecule 
¢(—A)3 in a mixture, not necessarily in equimolar quantities. This will lead to trifunctionally 
branched network polymer (VI): 
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ww A— AB—BA-AB—BA—— AB—BA—AB—BA— AB—BA—A 


_A 
B 
Chain B Branch point A <— Terminal bifunctional group 
Section | A (or branch unit) (or non-branch unit) 
or 7 

segment 4 
B 
A 


*wB—BA—AB—BA—— AB—BA—AB—BA— AB—BA—4— AB— Bow 
A 


B 
| 


B 
| 
A 


(VI) : 


A portion of the trifunctionally branched network (VI) of gelled polymer is schematically 
represented in Fig. 5.7, showing a series of contour lines or envelopes on which the branches end, 
either in a branch point or in a terminal bifunctional group (nonbranch unit). For convenience, 
the chain sections are shown as being equal in length. However, this will not affect our following 
analysis. 

Consider the chain section in envelope 1 (Fig. 5.7) having a branch point at each end. The four 
new chains originating from the two branch points on envelope | happen to lead further to three 
new branch points and one nonbranch unit on envelope 2. The resulting six new chain sections 
that emanate from envelope 2 happen to lead to three branch points and three nonbranch units on 


Figure 5.7 Schematic representation of a 
e Branch point (or branch unit) portion of trifunctionally branched network 
polymer. (Drawn following Flory, 1941, 


X Terminal nonbranch unit 1946.) 


— Chain section or chain segment 
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envelope 3, and so on. The probability that a branch arising at a branch point leads via bifunc- 
tional units to another branch point rather than to a nonbranch unit is referred to as the branching 
probability, œ. So (1 — œ) is the probability that a branch arising from the branch point leads to a 
nonbranch unit. 

Moving on to an ith envelope from the randomly selected chain section enclosed in envelope 1 
in Fig. 5.7, suppose there are Y; branch points on the ith envelope. If all chain sections originating 
from these branch points ended in branch points on the (i + 1)th envelope, then there would be 2Y; 
branch points on the (i + 1)th envelope. However, because of the branching probability a, defined 
above, the expected number (Y;+1) of branch points on the (i + 1)th envelope will be only 2¥;a. The 
criterion for gelation or continuous expansion of the network is that the number of chain sections 
arising from the (i + 1)th envelope, namely, 2Y;41, be greater than the number of chain sections 
arising from the ith envelope, i.e., 2Y;. In other words, the criterion is 


2Y > 2Y; 


or 2(2Y;@) > 2Y;, thatis, œ > 5 
When a < 5. an infinite network cannot form. Clearly, the critical value of œ, i.e., Œc, when the 
branching unit is trifunctional (f = 3), as in (VI) above, is 


1 
A = 5, or generally, @e = ——— (5.64) 


f-1 


where f is the functionality of the branch unit, i.e., the number of chain sections meeting at the 
branch point, which, in turn, is the functionality of the monomer with functionality greater than 
2. The quantity œe is called the critical branching coefficient for gel formation. If more than one 
monomer with f > 2 is present, an average value of f of all the monomers with f > 2 is used in 
Eq. (5.64). It should be noted that finite species are present at œ = œc, and only when a exceeds 
a, by a finite amount does the theory allow the presence of infinite networks. 

The actual value of a for a given polyfunctional system must now be computed. Let the fraction 
of A groups on multifunctional (f > 2) units be denoted by p [cf. Eq. (P5.24.3)], i.e., 


_ Number of all A groups (reacted and unreacted) on trifunctional units (5.65) 


Total number of all groups (reacted and unreacted) in mixture 


Let us consider the following section (VID of the gel network shown in (VD: 


yu 2 3 4 5 


Trifunctional : 
unit 


awww A, AB—BA—AB—BA—AB—BA—pg Aww 
A 


Branch point 
(VID (or branch unit) 


Fraction of A groups reacted = pa 
Fraction of B groups reacted = pp 


Fraction of A groups on trifunctional units = p 
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Fraction of A groups on bifunctional units = 1 — p 


The probability that A at position | has reacted = pa 


Since A can react only with B, the probability that A at position 1 has 
reacted with bifunctional B = paXx1 = pa 


The probability that B at position 2 has reacted = pg 


The probability that B at position 2 has reacted with a bifunctional unit 
and not a trifunctional unit = (1 —:) 


Therefore, the probability that B at position 2 has reacted with A on a 
bifunctional unit = pp(1 — p) 

The appropriate probabilities for positions 3, 4, and 5 are similarly obtained. 
The probability that B at position 6 has reacted with A on a trifunctional 
unit = pgp 

Therefore, the probability a that the chain section shown in (VII) has 
formed = palpa(! — p)pal’ pep 


In general, these sections can be represented (Williams,1971) as 


ABBA A} -B-BA i A [For the chain section 


shown in (VID, x = 2] 
(VII) 


Therefore, the probability a(x) of obtaining the section shown 
in(VIID, containing x number of —B—BA—A- units, is given by 
a(x) = palps(l — p)pal psp. 

Our objective is to find a total probability, œ, that is independent of the length (i.e., the value 
of x) of the chain section. Accordingly (Williams, 1971), 


a= 2 = Lilpara(! — P)" PAPBP 
_ PAPBP (5.66) 
1 — papal — p) 


This is the probability that a functional group on a branch unit leads (via bifunctional units) to 
another branch unit. 
Either pa or pp can be eliminated by using the ratio r of A groups to B groups. Thus, 


pa SA mows Ns (5.67) 
All B groups Np, 


Reacted A groups Reacted B groups 
PA = ——_ BB = —_ (5.68) 
Nag NB, 


Since one A group can react only with one B group, and hence paNa, = pBNB,, it follows from 
Eqs. (5.67) and (5.68) that 


r = pB/pa (5.69) 
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Substitution for pa or pp from Eq. (5.69) into Eq. (5.66) yields 


2 2 
a a = — (5.70) 
1 — rp, = p) r — pal — p) 


Let pa = pe at the gel point. So from Eq. (5.70), at the gel point, 


rpep 


= (5.71) 


A 


Combination of Eq. (5.71) with Eq. (5.64) yields a useful expression for the extent of reaction (of 
the A functional groups) at the gel point: 
1 


Pe = err = IF oe 


Equation (5.71) can be used for calculating the conversion at the gel point for a given feed 
composition, or for the reverse situation, i.e., calculating feed stoichiometry for a desired gel point 


(De). 


Problem 5.25 Simplify Eqs. (5.70) and (5.72) for the following special cases of reaction mixtures: (a) 
two functional groups A and B are present in stoichiometric quantities; (b) feed consists of only Ay (f > 2) 
and B—B with B groups in excess over A groups; (c) feed consists of only Ay (f > 2) and B—B with A 
and B groups present in stoichiometric quantities; and (d) feed consists only of monomers with f > 2. 


Answer: 
(a) Here, Na, = Np,» r= 1, and pa = pp = p. So Eqs. (5.70) and (5.72) become 


2 
pep 1 
= d ——————— 
“T= pa-p S mse DIP 
(b) Here, p = 1; r(= Na,/NBo) < 1; Eqs. (5.70) and (5.72) reduce to 


1 


2 2 
= = d = —— 
a = rR = pbr and pe = oe 


(c) Conditions of both case (a) and case (b) are present, i.e.,r = p = 1. So Eqs. (5.70) and (5.72) become 


1 

2 

= d = —— 
FSS Sears ee E D 


(d) Here the probability that a functional group on a branch unit leads to another such unit is simply the 
probability that it has reacted, i.e., œ = p. Therefore, from Eq. (5.64), 


1 
bes Saag 


Use an average f for all monomers with f > 2. 
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Problem 5.26 A crosslinked polyurethane is to be made from diphenylmethane diisocyanate, OCNC6H4- 
CH2C6H4NCO, and a polymeric tetrol, R(OH)4, without addition of any water (Rempp and Merrill, 1986). 
Let the stoichiometric ratio of initial concentrations of NCO to OH groups be denoted by r. 


(a) Calculate the critical extent of conversion of NCO groups above which gelation would occur forr = 4. 


(b) What is the minimum value of r below which no gel can ever be obtained ? 
Answer: 


Let A represent the alcohol functions and B the isocyanate functions. All A functions belong to tetrafunctional 
(f = 4) base molecules; therefore p = 1. 


r = [NCO],/[OH]> = Np,/Nay; PANA, = PBNBo; PA = PB(NB,/Na,) = rpg. Therefore, Eq. 
(5.66) reduces to @ = rpg. 


The critical value at which gelation occurs is given by œe = 1/(f — 1) = 1/3. To get gelation, œe must 
be exceeded. 


Denoting the conversion of B functional group (pg) at the gel point by pe, 
rp? = a = 1/3, or pe = 1/¥3r and r = 1/(p?). 
(a) Forr = 4, pe = 0.29. Hence gelation occurs above 29% conversion of NCO. 


(b) For pe = 1, r = 0.33. So gelation can never be obtained for any r value less than 0.33. 


Problem 5.27 For a system composed of diethylene glycol (2.0 mol), 1,2,3-propane- 
tricarboxylic acid (0.6 mol), and adipic acid (1.0 mol), determine the number average degree of polymeriza- 
tion before gelation. Derive first a general expression to obtain this. 


Answer: 


Consider a condensation polymerization system consisting of A— A, B—B, and Af (f > 2). Let Na, = total 
number of A groups present initially; Ng, = total number of B groups present initially; = number 
fraction of all A groups that belong to the reactant with f > 2. 


Total number of monomer molecules present initially, 


Na, (1 — P) 4 NAP $ NBo 


N = 
j 2 f 2 


(P5.27.1) 


Since each new linkage formed involves one A group, number of linkages formed at the extent of reaction, 
Pa, of A groups = paNa,. 


Since with each linkage formed there will be one molecule less, number of molecules reacted = paNa,. 


Number of molecules (N) present at the extent of reaction pa is related by 


N = N — PANag 
soe No 
Number-average degree of polymerization, Xn = ————— (P5.27.2) 
No — PANay 
Substituting for N, from Eq. (P5.27.1) and using r = Na,/Np,, Eq. (P5.27.2) yields (Williams, 1971) : 
= fd -p + l/r) + 2p 


eee P5.27.3 
nO A = p= apa. + Oe le 


This equation is not applicable above the gel point. 


For the given system, f = 3, p = 3x0.6/(2X1.0 + 3x0.6) = 0.4737 and 
r = (2x10 + 3x0.6)/(2x2.0) = 0.950. 
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From Eq. (5.72), 


1 
Pe = r = 0845 
[0.950 + 0.950 x0.4737(3 — 2)]"2 


From Eq. (P5.27.3), taking p = 0.845, 


X = 3(1 — 0.4737 + 1/0.95) + 2x0.4737 2 gee 
” = 3(1 = 0.4737 — 2x0.845 + 1/0.95) + 2x0.4737 | 


Comment: The average degree of polymerization of the reaction mixture is thus not large at the gel point. It 
also does not increase rapidly at the gel point. This merely means that at the gel point many small molecules 
are still present; it does not preclude the formation of a fractional amount of indefinitely large structures at or 
beyond the gel point (see Model for Gelation Process). 


Systems with different types of branch units Let us consider a more general case where both A 
and B types of branch units occur and where there are also monofunctional and bifunctional A and 
B reactants, for example, polymerizationof A + A—A + Ay + B + B—B + By. 

To derive a general expression for the conversion of functional groups at the gel point, let sym- 
bols f, 6, and p denote, respectively, functionality (>2), fraction of functional groups belonging 
to bifunctional reactant, and fraction of functional groups belonging to multifunctional (f > 2) 
reactant, with subscripts A and B representing the type of functional group. Let r represent the 
stoichiometric ratio of functional groups such that r < 1. Thus, 


fa = Functionality of Af. 

Oa = (A’s belonging to A—A)/ (Total A’s). 
pa = (A’s belonging to A f) / (Total A’s). 
fs = Functionality of By. 

63 = (B’s belonging to B—B)/ (Total B’s). 
pp = (B’s belonging to B;)/(Total B’s). 


Let Na and Ng be the total number of A groups and B groups, and Na, and Ng, be the total 
number of Ay and By molecules, respectively. The probability œ that any group A belonging to a 
branch unit and selected at random is connected via a chain to another branch unit is obtained as 
follows. This state of affairs may come about in 4 possible ways shown in structures (a)-(d) below 
(for f = 3): 


sa a ahaa nae (a) 


A 


ee) rT (b) 


A 

B B(A—AB—B) A T (c) 
B A 

Ei eae earls (d) 


where n is any integer from 0 to oo. 
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The probability œ is equal to the sum of the 4 individual probabilities of each of these 4 cases 
occurring in any selection taken at random, each case being equally valid for the purpose of eval- 
uating «œ. If the extents of reaction, pa and ppg, are the fractions of A and B groups, respectively, 
that have reacted, then the 4 probabilities are given by equations written below : 


@ = Yo PAlpaNa/(paNa + pBNp)][84 OB PAP)” 6B PBPA 
ab = Do PAlPaNa/(paNa + pBNp)][6a98 PAPB]"pB 
a = LopslesNe/(paNa + PBNg)ILOA OB PAPBI” pa 
aa = Yo pBlepNs/(eANa + pBNpg)][6a%8 PA PB)" Oa PAPB 


(5.73) 


[Note: The development of these expressions is similar to that of Eq. (5.66) except for the 
inclusion of the terms paNa/(PANA + PBNpg) and ppNp/(epaNa + pgeNg), which represent the 
probability of the multifunctional (f > 2) unit being of A and B type, respectively. ] 

The sum of the above four probabilities gives the total probability a: 


Naprospppa + Napapspa + Nepapsps + NBbAph pape 


(5.74) 
(Napa + Nppp)(1 — 646 Paps) 
[Note: i oy” = 1/(1—y), y being constant: 0<y<1 (Appendix 5.1).] 
At the gel point [cf. (5.64)], 
a = 1/f - 1) (5.75) 


where f is the functionality of the branch unit. If there is more than one branch unit, f in Eq. 
(5.75) must be replaced by the appropriate average. For the present system, the average value of f 
is (Na; fA + Np, fp)/ (Na; + Np ;) so that instead of Eq. (5.75), we may write 


Na; + Ng; 
ae aa TE 5.76 
*e = Na,(fa — 1) + N one 


Combining Eqs. (5.74) and (5.76), the final equation applicable at the gel point is 


(Na; + Np,)(Napa + Nppp)(1 — 646 paps) 
= [Na,(fa — 1) + Ne (fe - DI [papp(Nadspa + 
NpOapp) + paps(Napa + Nppp)! (5.77) 


where pa and pg now represent conversions at the gel point. If B functional groups are in excess, 
r = Na/Np and pg = rpa (since Napa = Ngpp). It is convenient to express Eq. (5.77) in terms of 
conversion of the limiting functional group (A in this case). Thus, substituting rpa for ppg in Eq. 
(5.77), and replacing pa by pe to denote the gel point conversion of the limiting functional group, 
we have after rearrangement, 


(XW + 6,03UV)rp2 + WYp. - UV = 0 (5.78) 
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where 
U = Na; + Np; 
V = Napa + Neps 
W = Na,(fa - 1) + Na, (fe - 1) 
X = Na OBP + NpOapa 
Y = 2pappNa_ if A is the limiting group 
or Y = 2pappNp_ if B is the limiting group 


If (XW + O,@RUV) = 0, 
Pe = UV/WY (5.79) 


When (XW + 0a@BUV) £ 0, solving Eq. (5.78) we have 


-WY + VW2Y2 +4 X 
WY + VW + 4UVr(XW + 0a@BUV) (5.80) 


Pe = 2r (XW + O,0RUV) 


Note that Eq. (5.80) gives the gel-point conversion pe of the functional group which is the limiting 
reactant. The conversion of the other functional group is rpe, where r is the mole ratio of the two 
functional groups, such that r < 1. 


Problem 5.28 Predict the conversions of both A and B groups at the point of gelation in the polymerization 
systems: (a) A3 (1 mol) + A4 (1 mol) +B—B (4 moles); (b) A (2 moles) + A—A (3 moles) + A3 (3 moles) 
+ B (2 moles) + B—B (1 mol) + B4 (3 moles); (c) A (4 moles) + A—A (30 moles) + A3 (2 moles) + A5 (1 
mol) + B (5 moles) + B—B (25 moles) + B4 (5 moles). 


Answer: 
(a) 64 = 0, pa = 1, Op = 1, pp = O 
7 1x3 + 1x4 =~ 35 
fa = 1+1 =e 


Na, = 1+1 = 2, Np, =0, MA =7, Np = 8, r = 7/8 = 0.8750 


U=2+0=2 
V = 7X1+8x0 = 7 

W = 235-1)+0 = 5 

X = 7x1x1? + 8x0x0 = 7 
Y = 2x1x0x7 = 0 


From Eq. (5.80), 


—5x0 + V¥(5x0)2 + 4x2x7x0.875(7x5 + 0x1Xx2x7) 


Pe = 2x0.875(75 + 0) 
= 0.6761 


So pa = 0.6761, pg = rpa = 0.5916 


(b) 0, = (3x2)/(2X1 + 3x2 +3x3) = 6/17 = 0.3529 
63 = (1X2)(2x1 + 1x2 + 3x4) = 2/16 = 0.1250 
pa = (3xX3)/17 = 0.5294 
pp = (3x4)/16 = 0.7500 
U = 34+3 = 6 
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V = 17x0.5294 + 16x0.750 = 20.9998 
W = 33-1)+34-1) = 15 

X = 17x0.125(0.5294)? + 16x0.3529(0.75)2 = 3.7717 
r = Ng/Na = 16/17 = 0.9412 

Y = 2x0.5294x0.750x16 = 12.7056 


Substituting the above values in Eq. (5.80) yields pc 0.5638. So pg = 0.5638 and pa = rpg = 


= (2x3 + 1x5)/(2 + 1) = 3.6667 

fp = 4 

Na, = 241 = 3, Ng, =5 

= (30x2)/(4x1 + 30x2 +2x3 + 1x5) = 60/75 = 0.800 
Og = (25x2 (5x1 +25x2 +5x4) = 50/75 = 0.6667 
r=] 

pa = (3x3.6667)/75 = 0.1467 

pB = (5x4)/75 = 0.2667 

U = 3+5 = 8, V = 75(0.1467 + 0.2667) = 31.005 

W = 3(3.6667 — 1) + 5(4 - 1) = 23.00 
X 
Y 


~ 
O 
<~ 
> 
| 


D 
> 
l 


= 75x0.6667(0.1467)2 + 75 x0.80(0.2667)? = 5.3438 
= 2x0.1467x0.2667x75 = 5.8687 


Substituting these values in Eq. (5.80) yields pe = 0.7562. Sopa = pg = 0.7562. 


5.6.2.2 Model for Gelation Process 


In experimental studies, where the loss of fluidity is taken as marking the gel point, the conversion 
at the observed gel point is almost always found to be higher than that (calculated) at the theoretical 
gel point. This can be explained by the model proposed by Bobalek et al. (1964) for the gelation 
process, as shown in Fig. 5.8. According to this model, at the theoretical gel point, a number 
of macroscopic three-dimensional networks (gel particles) form and undergo phase separation. 
The gel particles so formed remain suspended in the medium and increase in number as reaction 
continues. At the experimentally observed gel point, the concentration of gel particles reaches 
a critical value and causes phase inversion as well as a steep rise in viscosity. The lower value 
of pe predicted by the statistical approach is also attributed to the occurrence of some wasteful 
intramolecular cyclization reactions not taken into account in the derivation and also in some 
cases to the limited applicability of the assumption of equal reactivity of all functional groups of 
the same type, irrespective of molecular size. 


5.6.2.3 Molecular Size Distribution 


Expressions for molecular size distributions in multifunctional condensation leading to three- 
dimensional polymers are derived (Flory, 1941, 1946, 1953; Stockmayer, 1943, 1952, 1953) by 
following much the same approach as for linear polymers, though with much more difficulty. 
Only the results of these derivations will, however, be considered here. The derivations are based 
on three simplifying assumptions of ideal network formation: (1) all functional groups of the 
same type are equally reactive and independent of size of molecules to which they are attached; 
(2) all groups react independently of one another; and (3) no intramolecular reactions (cyclization) 
occur. 


256 Chapter 5 


First formation of gel particles Phase inversion 
(Theoretical gel point} Increase in number of {physical gelation) Gelled 
gel particles ———+- F 


Polymer bulk 


Gel 
particles 


o 
o 
o 
tm 
D 
o 
Ü 
U 
Ò 
Oo 
o 
o 
Q 


Reaction time increase 


Figure 5.8 A model for the process of gelation. (After Bobalek et al., 1964.) 


The simplest possible type of three-dimensional polymer is that formed by stepwise homopoly- 
merization of a multifunctional monomer, such as etherification of pentaerythritol, or by stepwise 
copolymerization of equimolar amounts of two monomers having the same functionality f, such 
as the condensation of a trihydric alcohol with an equimolar proportion of a tribasic acid, all three 
functional groups on each monomer being equally reactive. For such polymerizations, the number 
Nx, the number or mole fraction ny, and weight fraction wy of x-mer molecules in the reaction 
system are given (Ghosh, 1990; Odian, 1991), respectively, by 


z fx- f -1 _ „fx-2x+2 

MoM Ena Opa zl” =al eh) 
_ (fx — aif -14 _ „fx-2x+2 

t E ox + DI — z5” oe ae 
_ (fx = xf x-1} _ „fx-2x+2 

ra la Dr- 2x + z| kea Gai 


where N, is the initial number of monomer molecules and a is the branching coefficient or branch- 
ing probability, defined earlier as the probability that one arm of a branching unit (i.e., unit having 
a functionality greater than two) leads to another branching unit. For a system containing only 
monomers with f > 2 the branching coefficient œ is simply equal to p, the extent of reaction [see 
Problem 5.25(d)]. 

Figure 5.9 shows molecular size distribution, calculated from Eq. (5.83), as a function of 
the extent of reaction in a simple trifunctional condensation (f = 3). In contrast to the weight- 
fraction distribution for linear condensation polymers (see Fig. 5.5), the curve shows a monotonic 
decrease with increase in size x. Thus, monomers always are present in greater amount, even on a 
weight basis, than species of any other size. The progressive change in polymer composition as the 
reaction progresses can be shown in another way by plotting weight fractions of various polymer 
sizes against the extent of reaction p = a. Plots of this type are shown in Fig. 5.10, calculated 
again from Eq. (5.83). 
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Weight fraction, w, 


0 4 8 12 14 20 
Number of units, x 


Figure 5.9 Molecular size distribution, wx vs. x, for step-growth polymerization of trifunctional (f = 3) 
monomers at various stages of reaction, denoted by a = p. The curves are calculated from Eq. (5.83) and 


plotted according to Flory (1941, 1946). 


Weight fraction, w, 
Weight fraction gel, w, 


Figure 5.10 Weight fractions of various finite species (wx) and of gel (wg) as a function of œ = p. wx is 
calculated from Eq. (5.83) and wz, from Eq. (5.88) and plotted according to Flory (1941, 1946). 


The number- and weight-average degrees of polymerization in polymer systems of the above 
type are given (Ghosh, 1990) by 


X= = = — S (5.84) 
No — Nof p/2 1 - af/2 

z 7 (1 +a) 

Xy = > Wx = ae We G- De (5.85) 

Xs _ (+a -=ef 

Xx, 1-(G-Ne ee 


Note that Eqs. (5.81), (5.82), and (5.83) are similar in form to Eqs. (5.45), (5.44), and (5.47), 
respectively, derived for linear systems and they simply reduce to the latter on substituting f = 2 
and œ = p. Similarly, Eqs. (5.84), (5.85), and (5.86) reduce to Eqs. (5.50), (5.53), and (5.54), 
respectively, for linear systems on substituting f = 2 anda = p. 
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Problem 5.29 The reaction of phenol with formaldehyde to phenolic resins is very complicated. Assuming 
for simplicity that in phenol-formaldehyde condensations with excess (3: 1) formaldehyde, the phenol is a 
trireactive structural unit and the formaldehyde merely supplies the interunit linkage, calculate the weight- 
average molecular weight of the phenolic resin at 30% conversion of the functional groups. What is the 
weight fraction of species containing 5 phenol residues at this conversion ? 


Answer: OH 


p HOH,C CH,OH 
Consider the monomer as 


with Mo(CoH 204) = 184 g mol`! 


and f = 3. CH,OH 
From Eq. (5.85), fora = p = 0.30, Xy = Eres = 3.25. Therefore, Mẹ, = (3.25)(184 
TERA TETN ONES eae xa e eS p 


g mol™!) — 3.25x3x0.3(18 g mol7!)/2. = 563 g mol`! (Note: One water molecule is eliminated by 
condensation of two methylol groups.) 


From Eq. (5.83), 


me (3x5 —5)!3 (0.3)9-) (1 — 0.3)8*5-2%5+2), = 0.06 
(5-1)!(3x5-2x5 +2)! 


5.6.2.4 Post-Gel Relations 


Gelation in polymerization, which becomes manifested in a sudden loss in fluidity of the reaction 
mixture, does, in fact, take place long before all the reactant molecules join together forming one 
giant (hence insoluble) molecule. All but a small portion of the gelled polymer mass, as it exists 
at the gel point, would thus dissolve in a suitable solvent. The portion that is soluble is referred to 
as the sol, whereas the part that is insoluble is referred to as the ge/. Only a few large molecules 
are required to induce gelation. 

It may be noted that the curves in Fig. 5.10 representing the weight fractions of various species 
calculated from Eq. (5.83) continue through the gel point (œ = 0.5) without discontinuity. This 
would be expected as the derivations of the distribution equations (5.8 1)-(5.83) place no restriction 
on & or p except that it be in the physically real range from zero to unity. These equations are valid 
only for finite species beyond the gel point. If Eq. (5.83) for wx is summed over all values of x, 
the weight fraction of sol (ws) would result. When the units are trifunctional (f = 3), this yields 
(Flory, 1953): 

3 
w= w= oe (5.87) 


3 
all finite x @ 


Since the sum of the weight fractions of gel wg and sol ws must be unity, we obtain an expression 
for the gel fraction as 


U- 


= (5.88) 


Wg = | 
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and œ = p. The weight percentage of gel plotted in Fig. 5.10 is calculated from this equation. Its 
formation commences abruptly at the critical point (œ = 0.5), rises rapidly, and proceeds to 100 
percent as œ = p goes to unity, i.e., as the reaction proceeds to completion. 


Problem 5.30 A mixture of equivalent amounts of glycerol and 1,2,3-propanetricarboxy-lic acid is con- 
densed to the extent of 65% conversion. Assuming equal reactivity of functional groups, calculate (a) weight 
fractions of sol and gel in the mixture, and (b) weight fractions of the monomer and the dimer in the sol 
fraction. 


Answer: 


Since both monomers are trifunctional (f = 3), a = p = 0.65. 


(a) From Eq. (5.87), 


1 = 0.65) 
ws = CED 0.156, we = 1 -0.156 = 0.844 
(0.65)3 


(b) From Eq. (5.83), 


ae 213 0 3 

w (in mixture) = laa (0.655 (1 — 0.65)? = 0.0429 
— 413 4 

w2 (in mixture) = Pen (0.65)(1 — 0.65)" = 0.0293 


Hence, w, (in sol) = 0.0429/0.156 = 0.275 
and w (insol) = 0.0293/0.156 = 0.188. 


Alternatively, take œ = 1 — 0.65 = 0.35 and calculate w; and w% directly from Eq. (5.83), to obtain 
4!3 


213 
w = Fa (0.35) (1 — 0.35) = 0.275 and w = po 


z 4 _ 
EI Jossya 0.35)+ = 0.187. 


Problem 5.31 Stoichiometric polymerization of 1,3,5-benzenetriacetic acid with 1,10-decanediol was con- 
ducted beyond the gel point to measure the mass fraction of sol ws at different extents of reaction p, yielding 
the following data (Argyropoulos et al., 1987): 


See ae 
0.726 0.752 
0.809 0.130 
0.877 0.036 


Calculate the sol fraction by Flory’s equation to compare with the experimental ws values. 
Answer: 


Let A3 = 1,3,5-benzenetriacetic acid and By = 1,10-decanediol. Since p = 1, r= 1, and pa = pp = Pp, 


we obtain from Eg. (5.70), œ = p°. 


For p = 0.726, a = (0.726)? = 0.527. Hence from Eq. (5.87): ws = (1 — 0.527} /(0.527)3 
= 0.723 (cf. exptl. 0.752). 


Similarly, for p = 0.809, ws = 0.147 (cf. exptl. 0.130) and for p = 0.877, ws = 0.027 (cf. 
exptl. 0.036). 
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5.7 Recursive Approach for Average Properties 


Molecular size distributions of species as a function of reaction extent in step-growth polymer- 
ization, described so far in this chapter, are all based on the probability approach of Flory (1941, 
1946, 1953) and Stockmayer (1943, 1952, 1953) and the simplifying assumptions of equal reactiv- 
ity of all functional groups of the same type and no intramolecular reactions. These distributions 
are used to calculate the average properties (Mn, Mw, and PDD of the reaction products. However, 
for cases of practical importance these distribution functions become quite complex. 

Derivations based on many alternative approaches have also been made for the molecular 
weight distributions in both linear and nonlinear step polymerizations (Gordon and Judd, 1971; 
Burchard, 1979; Durand and Bruneau, 1979; Orlova et al., 1979). However, a knowledge of only 
the average properties of the distributions (M,, Mw, and PDI) is often sufficient for many practical 
purposes. Macosko and Miller (Macosko and Miller, 1976; Lopez-Serrano, et al., 1980) devel- 
oped a most useful approach for obtaining the average properties directly without resorting to the 
necessity of first calculating the molecular weight distribution. The approach utilizes the recursive 
nature of a step polymerization and assumes a Markov growth process in which the reaction with 
a polymer chain end depends only on the functional group at the end of that chain and not on any 
inside group away from the chain end. The method is demonstrated below for a few ideal linear 
and nonlinear step-growth polymerizations. The method retains the three simplifying assumptions 
of Flory, namely (1) all functional groups of the same type are equally reactive; (2) all groups 
react independently of one another; and (3) no intramolecular reactions occur in finite species. 
A system satisfying the above assumptions is referred to as an “ideal” system. However, some 
departures from these assumptions, such as unequal reactivity, substitution effects, and some in- 
tramolecular reactions, can also be treated by the recursive method (Miller and Macosko, 1976, 
1980). 

The recursive approach uses an elementary law of conditional expectation. Let A be an event 
and A its complement. Let Y be a random variable, E(Y) its expectation (or average value), and 
E(Y | A) is conditional expectation, given that the event A has occurred. P(A) is the probability that 
event A occurs. Then the law of total probability for expectation is (Case, 1958): 


EY) = E(Y|A)P(A) + EY |A)P(A) (5.89) 


5.7.1 Linear Step-Growth Polymerization 


The simplest step-growth linear polymer is of the AB type. Typical examples of AB polymeriza- 
tion are the step polymerization of HORCOOH and HaNRCOOH. For example, the polymer from 
HORCOOH is 


H-CORCO-}-CORCO-)-: :- ++ +++: —-CORCO-)-OH 


Symbolically, the polymer may be shown as 


ee ee ee ee eee 

To derive the molecular weight averages of the polymer, we shall use here the method described 
by Lopez-Serrano et al. (1980), which is identical in concept to the recursive method of Macosko 
and Miller (1976) cited above. Selecting an A group (marked by *) at random, the ‘in’ direction 
will be defined as the direction from the chosen A toward the B group of the same mer unit. ‘Out’ 
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is then the opposite direction from the chosen A, i.e., toward the ‘A’ side of the mer. The ‘in’ and 
‘out’ directions associated with B groups will also be defined in the same way. 

Let us now ask what will be the expected weight of the polymer chain attached to a randomly 
chosen A group (indicated by ay looking ‘out’, i.e., E (WẸ™). Since the A group is chosen at 
random, W,“" is a random variable. Wo" equals 0 if A has not reacted. If A has reacted (with B of 
the next mer unit) then Wo" equals Wẹ”, the weight attached to B looking into B’s parent molecule 
(Macosko and Miller, 1976): 


0 if A does not react 
out _ . 
Ma oS l Wg” if A does react (with B) (5.90) 
By Eq. (5.89), 
E(WR™) = E(WẸ™ |A does not react) P(A does not react) 
+ E(Wx"" | A reacts) P(A reacts) 
= O(1 - p) + E(Wg")p (5.91) 


where p is the extent of reaction of A groups, i.e., the fraction of all A groups that have reacted : 
p = (Na — Na)/Nao (5.92) 


Here Na, represents the initial moles of A type groups and Na equals the moles after some reaction 
time. 

The expected weight attached to a B looking ‘in’ is equal to the weight of an AB mer plus the 
expected weight attached to an A looking ‘out’. Thus, 


E(Wa") = Map + E(w") (5.93) 


and the repetitive nature of this polymer molecule leads us back to the starting position. 

It is obvious that if we had started by asking for the expected weight attached to a B group 
looking out, we would be led by the same arguments to a parallel set of the following two equa- 
tions : 


Ewe") = E(W;")p (5.94) 
E(Wi") = Map + E(We") (5.95) 


The recursive nature of these chains is evident from the fact that starting at a point somewhere 
along the chain and moving along the chain in some direction we eventually reach another position 
statistically equivalent to the starting position (Lopez-Serrano et al., 1980). 


Solving Eqs. (5.92) to (5.95) yields 


E(x") + E(we") (5.96) 


| 
= 
> 
w 
— 
v 
— 


EWS) + EQNS) = 2Mas (7 —)] (5.97) 
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For calculating average molecular weights we should note that the weight-average molecular 
weight will be given by the sum of the weight of an AB mer unit plus the expected weights attached 
to each arm looking ‘out.’ Thus, 


My = Map + E(Wx") + E(w") (5.98) 


Alternatively, M,, is obtained by picking an AB mer unit or an A group at random and then finding 
the expected weight of the molecule of which it is a part; that is, 


M, = E(W®) + E(we") (5.99) 


and substituting for E (Ww?) from Eq. (5.95) leads again to Eq. (5.98). 
Combining Eq. (5.98) with Eq. (5.96) gives 


— 1+ 
My = Map ( r) (5.100) 
=P 
The weight-average degree of polymerization, Xw, is given by 


oe = (5.101) 


which gives the well-known result of Eq. (5.53) derived earlier through size distributions. 

In the above calculations, we have chosen molecules at random by picking mer units at ran- 
dom. This is a weight-averaging process for molecules, since the larger the molecules, the pro- 
portionately larger chance it has of being chosen. But if we pick chain ends at random to choose 
molecules, and ask for the expected weight attached to the end group looking ‘in, we obtain a 
“‘number-averaged’ quantity, since the smaller the molecule, the proportionately larger chance it 
has of being chosen (Lopez-Serrano et al., 1980). If we pick end groups, however, we must statis- 
tically weight the E(W'") by the mole fraction of each type of end group (Lopez-Serrano, 1980), 
that is, the mole fractions of unreacted A and B (denoted by ua and up); thus: 


My = UxE(W,") + up E (We) (5.102) 


Since there are equal numbers of A and B ends in this simple case, ua = ug = 1/2, and we get 
from Eq. (5.97): 


M, = Man ( : (5.103) 
Lp 


and X, = M,/Map = 1/0 - p) (5.104) 


This is the same as Eq. (5.50) derived earlier by the method of Flory. 


Problem 5.32 Use the recursive approach to derive expressions for Mẹ and M, for a polymerization sys- 
tem composed of equimolar amounts of A—A and B—B. To keep the system as simple as possible take the 
molecular weights of the two structural units as equal (denoted by Mo). 
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Answer: 


Let the system A— A + B—B react until some fraction pa of the A’s and fraction pg of the B’s have reacted. 
Since A—A and B—B are in equimolar amounts and A +B is the only type of reaction, pa = pp = P. 


The polymer resulting from the A— A + B—B polymerization is shown below: 


In Out Out In 
—> <-> 


—{a—a}+-3—b—) | Aa} {3 8) fa— ae 


By application of Eq. (5.89), the following equations can be written for the system: 


Ewe") = (1 - pa)x0 + paE (WÈ) = pE(W)") (P5.32.1) 
E(Wi") = Mpp + E(wg") = M, + E(WR™) (PS.32.2) 
Ewe) = (1 - pg)x0 + ppE(WA") = pE(W;) (P5.32.3) 
E(W3") = Maa + EWS") = M + E(W™) (P5.32.4) 


Let Waa be the total molecular weight of the molecule to which the randomly chosen A—A belongs. Simi- 
larly, let Wgg be the weight for a randomly chosen B—B. Then, 


E(Waa) = E(Wji") + Ee") = My + 2E(W") (P5.32.5) 
E(Wep) = E(W;j3) + EW") = My + 2E(We") (P5.32.6) 


Solving Eqs. (P5.32.1) through (P5.32.4) and substituting into Eqs. (P5.32.5) and (P5.32.6) gives 


i 2pM,(1 + p) 


E(Waa) = E(Wep) = Mo To 


(P5.32.7) 


To find the weight average molecular weight, we pick a unit of mass at random and compute the expected 
weight of the molecule of which it is a part [i.e., another application of Eq. (5.89)]. Thus, 


My = waaE(Waa) + wep E (WeB) 
where waa and wpp are the weight fractions of A—A and B—B units; waa = wep = 1/2. Therefore, 

My = 5E(Waa) + ŻE (Wop) (P5.32.8) 
which on substitution from Eq. (P5.32.7) yields 


 2PMo(l +p) _ yitP 


My = Mo [=p "Top (P5.32.9) 
and Xy = (1+ p)/( -p (P5.32.10) 
The number average molecular weight is given by 
M, = Lew) + LEWI) (5.32.11) 
Solving Eqs. (P5.32.1)-(P5.32.4) for E(w?) and E(w?) and substituting in Eq. (P5.32.11) gives 
= 1 = 1 
Mn = m } or Xn = —— (P5.32.12) 
l-p [=p 


Note: The expressions for Mw, X w, Mn, and X;, derived above for the simple case of equal molecular weights 
of structural units are identical with the corresponding expressions for the A—B system. Expressions, though 
more involved, can be readily derived for a system with unequal structural unit molecular weights. 
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In addition to being a simpler method for obtaining the average properties such as M,, and 
Mn, compared to the Flory and similar approaches (Case, 1958), the recursive approach also more 
easily allows an evaluation of the effect of unequal reactivity and unequal structural unit molecular 
weights on the average properties (Macosko and Miller, 1976; Lopez-Serrano et al., 1980; Ziegel 
et al., 1972). 


5.7.2 Nonlinear Step-Growth Polymerization 
5.7.2.1 Polymerization of Aş (f > 2) 


The reaction between similar f-functional molecules is the simplest case of nonlinear polymeriza- 
tion. An example is the etherification of pentaerythritol (Macosko and Miller, 1976): 


C(CH20H)4 — Branched polyether + H20 (5.105) 


Ignoring for the present the effects of any condensation products, we can schematically repre- 
sent the polymerization of Ay (f = 4) by (Macosko and Miller, 1976): 


(5.105a) 


Let the system react until some fraction p of the A groups has reacted. Note that p = (Na, — 
Na)/Na,, Where N4 denotes the number of moles of A groups and the zero subscript indicates the 
value at zero time. Let us pick an A group at random, labeled as A’ in Eq. (5.105) and ask: What 


is the weight, Wt, attached to A’ looking out from its parent molecule in the direction —> ? 
Since A’ is chosen at random, wee is arandom variable. Thus, 


(5.106) 


wou = 0 if A’does not react 
A ~~ | wP if A’does react (with A”, say) 


where wee is the weight attached to A” looking along = into A”’s parent molecule. Now by Eq. 
(5.89), 
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E(Wx") = E(WẸ™ |A does not react) P(A does not react) 
+ E(We" | A reacts) P(A reacts) 
o -= p) + EW?) p (5.107) 


Il 


E (wir), the expected weight on any A looking into its parent molecule, will be the molecular 
weight of Ay plus the sum of the expected weights on each of the remaining f — 1 arms which is 
just E (Wx) for each arm. Thus, 


EW) = Ma, + (f — DE(WS") (5.108) 


and the recursive nature of the branched molecule leads us back to the starting point. 
The weight-average molecular weight is obtained by picking an Ay or an A group at random 
and then finding the expected weight of the molecule of which it is a part; that is, 


M, = E(W®) + E(ws") (5.109) 


Solving Eqs. (5.107) and (5.108) for E (wir) and E (Wx") and substituting in Eq. (5.109) yields 


= 1+ 
My = Ma, x (5.110) 


=p -1) 
= M 1+ 
Bet eae ee (5.111) 
M,(0) Le) 
which is in agreement with Flory’s result [cf. Eq. (5.85)] derived by a much longer process 
involving size distributions (Flory, 1953). 
It may be noted that solutions to Eqs. (5.107) and (5.108) exist only when p(f — 1) < 1. 
If p(f — 1) = 1, then M, diverges and the system forms a gel or infinite network. The critical 
conversion pe for gel formation in the polymerization of Ay (f > 2) is thus 


Pe = I/F - 1) (5.112) 


Since only monomer Ap (f > 2) is present, the branching coefficient (a), defined earlier, is simply 
p and the critical condition for gel formation is thus given by 


a = I/(f - 1) (5.113) 


This is in agreement with the result of Flory’s gel point theory [cf. Eq. (5.64)], described previ- 
ously. In a situation where more than one multifunctional (f > 2) species is present, œe would be 
computed using an average f. 

If there is a condensation product in polymerization, one needs to subtract the molecular weight 
(Meo) of the condensate (by-product). In polyetherification, Me = 18. Stockmayer (1943, 1952, 
1953) suggested that networks involving formation of by-products could simply be treated by re- 
placing Ma, with Ma, — fM-/2 in the relations derived neglecting formation of by-products. This 
approach is better than ignoring Me entirely, but it neglects the unreacted ends of the molecules 
and can only be strictly valid as p approaches 1. 
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5.7.2.2 Polymerization of Aş (f > 2) + Bz 


An example of Ay + B2 system, where f > 2, is urethane formation from pentaerythritol and 
hexamethylenediisocyanate. Consider Na, moles of monomer Ap reacting with Ng, moles of 
bifunctional By monomer shown schematically for f = 4 (Macosko and Miller, 1976): 


A 
A A 
A Atv! 
iv 
A A + BB — 
5.114 
ae (5.114) 
A A J4 
a 
—BA AB— 
T 
- Avl 


Let the system react until some fraction pa of the A groups and some fraction pg of the B groups 
have reacted. If the reaction takes place only between A and B groups, then the number of A’s 
reacted must equal the number of B’s reacted, that is, 


Pa(fNa;) = pp(2Np,) 
JNa; 


or PB = pp PA = TPA (5.115) 
2 


Again pick an A group at random, labeled as A’ in Eq. (5.114). What is the weight, Wc", attached 


to A’ looking out from its parent molecule, in the direction — ? Since A’ is chosen at random, 
g P 


0 if A’does not react 
out _ ; 
WAS o= wi if A’does react (with B’) (5.116) 
Therefore, according to the law of total probability for expectations [Eq. (5.89)], 
E(We") = paE(Wa" (5.117) 


Following the arrows in Eq. (5.114) we can write expected weights, in a similar way as above, 
until the repetitive nature of the structure leads us back to the starting position, i.e., Eq. (5.117): 


E(W3") = Mp, + E(Ws") (5.118) 
E(Wg") = rpaE W) (5.119) 
EWY) = Ma, + (f - DE(WR") (5.120) 
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Denoting by Wa, the total molecular weight of the molecule to which a randomly chosen Ay 
belongs and defining Wg, similarly for a randomly chosen B2, we may write 


E(Wa,) 
E(Wa,) 


EW) + EWS") = Ma, + fEWS") (5.121) 
E(W,") + E(Wg") = Mp, +2E(We") (5.122) 


Solving Eqs. (5.117)-(5.120) and substituting the results in Eqs. (5.121) and (5.122) gives 


Mp, + M 
EWa,) = Ma, + fos] (5.123) 
A 
Ma, + — 1)M 
E(Wp,) = Mp, + arpa Za P| (5.124) 
A 


Picking at random a unit of mass and determining the expected weight of the molecule of which it 
is a part will give the weight-average molecular weight. This is, in fact, another application of Eq. 
(5.89). Thus, 


Mw = E(Wa,)wa, + E(Wp,)wp, (5.125) 


where wa, and wp, are the weight fractions of Ay and Bo, respectively, defined by 


Na,M 

Wa, = —— A __ (5.126) 
Na; Ma; + Np, Mp, 

wa, = l- Wa, (5.127) 


Equation (5.125) thus becomes 


ae (2r/f)C +rpx)MK, + 4rpaMa,Mp, + [1 +(f- DrpalMg, Biss 
7 (2rMa,,/f + Mp, U1 —r(f - Di] l 


This result is the same as that which Stockmayer (1943, 1952, 1953) obtained by tortuous com- 
binatorial arguments and manipulation of distribution functions. If some of the starting species 
are oligomers having MWD, average molecular weights (Ziegel et al., 1972) must be used in Eq. 
(5.128). Note that Eq. (5.128) does not consider the effect of condensation by-products. Their 
inclusion, though straightforward (Macosko and Miller, 1976), leads to more more unwieldy ex- 
pressions. 


Problem 5.33 Without intramolecular reactions, M, can always be calculated from stoichiometry. Ne- 
glecting formation of condensation by-products, derive a general expression to calculate M,„ for the general 
system J}, A;+} Bj atthe extent of reaction pa of the A groups. 


Answer: 


At the extent of reaction pa, My is just the total mass, m;, over the number (mole) of molecules, N, present af- 
ter reaction, i.e., Mn = m,/N. Denoting the initial number (mole) and the molecular weight of the monomers 
by N and M, respectively, with appropriate subscripts, we have m; = X}; Ma, Na; + X j; Mg, Ng, Note that N, 
defined above, is just the number (mole) of molecules present initially, No, less the number of new bonds 
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formed, N, (since with the formation of one bond the number of molecules decreases by 1). Further, since 
the reaction is only between A and B, the number of bonds formed equals the number of either A or B groups 
reacted. Thus, 


N = M-N = (È Na, + DNB) - pa iMa; 
i J i 


DiMa, Na, + }ŁjMg, NB; 


Thus, M, = ———-——_—__~ + ~_ 
me fn = SNo, + DNB, — Pa LiiNa, 


5.7.2.3 Polymerization of >) A; + },Bj 


We now consider a more general case of stepwise reaction between A; and B ;, where i, j = 2,3,---. 
Addition of bifunctional components increases the chain lengths between the branch points. Con- 
sider such a mixture of Na, moles of A; and Ng, moles of Bj. Assuming that A groups react only 
with B groups, this general system can be represented schematically by (Macosko and Miller, 
1976): 


B B 
A A 
Kas BAS AB|2 
A A 
(5.129) 
BV} 
A/ B 
A sa 
T 2 
A B 


For the expected weight along Z, we must now consider all the possible B;’s with which an 
A can react. Equation (5.89) is therefore generalized to the form (Macosko and Miller, 1976): 


E(Wx") = E(Wx"'| A does not react) P(A does not react) 


+ 2 E(WẸ™ | A reacts with B ;) P(A reacts with B ;) 
j 


= O(1- pa) + J,E(Wgi)pang; = pa }, ne; E (We) (5.130) 
j j 


where ng, = mole fraction of all B groups that are on B; molecules and is given by 


JNeg; 
ng; = — (5.131) 
i Dj JNB; 
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Next considering direction oe: there will be a relation of the same form as Eq. (5.118) for 
each B; molecule 


E(Wg) = Mp, + G- DES") (5.132) 


Along directions as and me the expected weights can be derived in the same way as Eqs. 
(5.130) and (5.132), giving 


E(Wg") = pe dna; E (Wa?) (5.133) 
i 


EWF) = Ma, + (i- DE(We") (5.134) 


where na; = mole fraction of all A groups that are on A; molecules and is given by 


iNa, 
= i 5.135 
ENNA a 
and ppg is related to pa as in Eq. (5.115): 
Dizi İNA; 
PB = =——PA = TPA (5.136) 
Xj JNB; 


Solving the system of Eqs. (5.130) and (5.132)-(5.134) yields 


PaMp + Paps (fa — 1)Ma 
1 — paps (fa — 1)(fB - 1) 
PBMa + paps (fa — Mp 
1 — paps (fa — 1)(fB - 1) 


| 


E(Wx") (5.137) 


E(Wg") (5.138) 


where fa and fg are weight average functionalities of A; and B; molecules, respectively, defined 
by 


Di? Na, 
= 2" = , 5.139 
fa ZiiNa, dina ( ) 
È; P Ng 
fe —— = ing; (5.140) 
DJ Np; di 
and Ma and M, are given by 
Ma = >) Mana; (5.141) 


M, = >) Mp,np, (5.142) 
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Let Wa, be the total molecular weight of the molecule to which a randomly chosen A; belongs, 
and Wg, the corresponding weight for a randomly chosen Bj. Then, similarly to Eqs. (5.121) and 
(5.122), 

E(Wa;) = Ma, + iE(Wx") (5.143) 


E(Wp,) = Mp, + jE(W3") (5.144) 


J 


To find M,,, Eq. (5.125) is generalized as 
My = >) E(Wa,)wa; + >) E (Wg wB; (5.145) 
i j 


where wa, and wg jare weight fractions of A; and B;, respectively, while wa, is given by 


Ma. Na, 
Wig = o A A (5.146) 
DiMa; Na; + 2 j Mp; NB; 


and wg, is defined similarly. Substitution of all terms in Eq. (5.145), followed by rearrangement, 
gives 
M, 2 pema + pam, 
PBMa + pamp 
, Paps lpa(fa — DM; + pefe — Ma + 2MaMp] 


5.147 
(pama + pams)L1 - papela -De D) PAN 


where 


Il 
Il 


Ma 


D Ma Nai! D, iNa; 
i i 


È MA Nail D iNi; 7 È Mana; [i 
i i i 


>) Ma, na,/i 
i 


N 
os 
ll 


and mp and m, are analogously defined for the B ;’s. 

Equation (5.147) is a general relation which holds for nearly all cases of nonlinear stepwise 
polymerizations. Note that Eqs. (5.110) and (5.128) are only special cases of Eq. (5.147). The 
extent of reaction at the gel point can be obtained from Eq. (5.147) for Mẹ, > œ; thus, 


1 
Si ——} 5.148 
(PAPB) gel = DGS =) ( ) 


Substituting for pg from Eq. (5.136) and representing (pa)ge1 simply by pc, we obtain 


1 
P = “Ge = DOs - D2 Oe) 


Problem 5.34 Calculate the gel-point conversions for the systems cited in Problem 5.28 using the recursive 
approach for comparison with the corresponding values calculated according to Flory-Stockmayer theory. 
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Answer: 


(a) System: A3(1 mole) + A4(1 mole) + B2(4 moles) 


32x1 + 42x11 


Eq. (5.139): fa = 3x] +4xi = 3.571 
2? x2 
Eq. (5.140): = = 
q. ( ): fB TO 
3x1 +4x1 
Eg Ga r a 085 
2x4 
1 
Eq. (5.149): (pa)gel = Pe = = 0.667 


{0.875 (3.571 — 1)(2 — DP}? 
[cf. Problem 5.28(a): (PA)gel = 0.676] 


(b) System: A(2 moles) + A2(3 moles) + A3(3 moles) + B,(2 moles) + B2(1 mole) + B4(3 moles) 


From Eqs. (5.139), (5.140), and (5.136): fa =2.412, fg =3.375, and r = 1.062 
Then from Eq. (5.149): (PA) gel = Pc = 9.530. [cf. Problem 5.28(b): (PA) gel = 0.531] 


(c) System: A;(4 moles) + A2(30 moles) + A3(2 moles) + As(1 mole) + By (5 moles) + B2(25 
moles) + B4(5 moles) 


Similar calculations as above give: fa = 2.227, fg = 2.467, r = 1.000, and (pa)gel = Pe = 
0.745 [cf. Problem 5.28(c): (PA)gel = 0.756]. 


Problem 5.35 Consider the polymerization system (c) in Problem 5.34. Calculate the weight-average 
molecular weight at 50% conversion of the A groups, given that all the monomers in the system have equal 
molecular weights of 100. 


Answer: 


To use Eq. (5.147), one needs to calculte mg, m}, mp, and m; : 


100(4+30+2+1 100)2(44+30+2+1 
ae UDA) a roaa OD ns 2a 
(1x4+2x30+3x2+5x1) (1x4+2x30+3x2+5x1) 
100(5 +25 +5 100)2(5+25 +5 
Mra Ott geg] mi = OPE ne gee 


1x5 +2x25 +4x5) (1x5+2x25 +4x5) 


From Problem 5.34(c): fa =2.227, fg = 2.467, r= 1.00. Also, pg = rpa = 1x0.50 = 0.50, and 


Ma = Mp, = 100. Substituting these values in Eq. (5.147) yields: Mẹ, = 417. 


5.7.3. Post-Gel Properties 


The recursive method of Macosko and Miller (1976) has been described earlier for calculating 
molecular weight averages up to the gel point in nonlinear polymerization. A similar recursive 
method (Langley, 1968; Langley and Polmanteer, 1974) can also be used beyond the gel point, 
particularly for calculating weight-fraction solubles (sol) and crosslink density. To illustrate the 
principles, we consider first the simple homopolymerization, that is, reaction between similar f- 
functional monomers A and then a more common stepwise copolymerization, such as reaction of 
Af with B2. 
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5.7.3.1 Polymerization of Aș 


Gel-point Conversion Let us represent schematically the stepwise homopolymerization of Ay 
by 


A 
A A A 
! 1 
m k p A'y 
A"}2 
1 1 
A A” A ke (5.150) 
Av 
A 


Assume that polymerization has proceeded to an extent that some fraction p of the A’s has 
reacted. Picking an A group at random (say, A’ in Eq. (5.150)) we ask: What is the probability 


that looking out from the molecule A; in the direction as we find a finite or dangling chain rather 


than an infinite network ? Let F Pgs be the event that = is the start of a finite chain; then from Eq. 
(5.89) it follows that (Macosko and Miller, 1976): 


P(FR™) = P(FO" | Areacts) P(Areacts) 
+ P(Fx"| A does not react) P(A does not react) 


= P(F®p+1(-p) = pP(FY) +1-p (5.151) 


where F i is the event that 2, in Eq. (5.150), looking in from A”, is the start of a finite chain. 
However, for A” to lead to a finite chain all the other arms of Ay must be finite, that is, 


PFE) = P(ER] (5.152) 


and this leads us back to the starting situation. Solving Eqs. (5.151) and (5.152), one obtains for 
P(Fe"): 


pP(Fe")f-! — P(F™) — pp +1 = 0 (5.153) 


and for P (F =) : 


[pP(Fan) + 1 - pl’ “T= P(r) (5.154) 
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Physically, P(F°"') = 1 signifies that the system has not yet gelled. In order to derive post-gel 
relations we therefore desire roots of Eqs. (5.153) and (5.154) between 0 and 1. Since P(F ae =] 
is a root of Eq. (5.153), and is not of interest, we can factor it out and write (Miller and Macosko, 
1976): 


f-2 
PPE -1 = 0 (5.155) 
i=0 


which can be readily solved for a given value of f. Thus, 


Il 


for f =3, P(FS") 
for f=4, P(FR™) 


(1 - p)/p (5.156) 
d/p - 3/4)'? - 1/2 (5.157) 


Il 


Roots between 0 and 1 for higher f are, however, easy to find numerically. 


Problem 5.36 Starting with Eq. (5.153) for the simple Ay (f > 2) homopolymerization, derive a relation 
between the critical extent of reaction pe for gelation and the monomer functionality f. 
Answer: 


The condition P(F rout) = 1 signifies that an A cannot be found on an infinite chain, or in other words, an 
infinite network has not started to form. Thus to find the gel point one has to identify the situation in which 
there is no solution of Eq. (5.153) between 0 and 1. Factoring Eq. (5.153) yields 


[Pure = 1] [p whe PERY = 1| = 0 (P5.36.1) 
Thus it is enough to determine when 
= f2 sts = 
ax) = pLYin x -1 = 0 (P5.36.2) 


has no roots between 0 and 1. Because g(x) increases monotonically for x between 0 and 1, and g(0) = —1 and 
g(1) = p(f - 1) -1, Eq. (P5.36.2) will have no root between 0 and 1 if and only if p(f — 1) — 1 < 0. Thus, 
if p < 1/(f - 1), we have P(FR") =1 andif p> 1/(f - 1), we have P (FR) < 1 and an infinite network 
has started forming. Thus the critical extent of reaction, pe, which must be exceeded for the formation of 
infinite networks to become possible, is given by 


pe = WF - 1) (P5.36.3) 


This is identical with the relation derived from the Flory theory of gelation [see Problem 5.25(d)]. 


Weight Fraction Solubles and Crosslink Density Till the gel point is reached, all molecules are 
finite and the weight fraction of solubles, ws, is thus unity. Beyond the gel point more and more 
molecules enter the network with the consequent decrease of ws. For the homopolymerization of 
Af (f > 2), a randomly chosen Ay molecule will be part of the sol if all of its f number of arms 
lead only to finite chains. Thus, 


ws = P(FRP (5.158) 
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Using Eq. (5.156) for f = 3 gives 
ws = (1 -p° (5.159) 


which agrees with Eq. (5.87) derived by Flory for the homopolymerization of trifunctional mono- 
mers (œ = p). Note that these relations neglect the formation of condensation products. If a con- 
densation product forms during polymerization, such as water in etherification of pentaerythritol 
(p. 286), the above analysis must be modified to accommodate this phenomenon (Macosko and 
Miller, 1976). 

An important property of the polymer network is the crosslink density or concentration of 
effective junction points. An effective junction point can be identified thus. An Aș is an effective 
junction point if three or more of its arms lead out to the infinite network. (Note that if only one 
arm is infinite, this Ay unit will be just hanging from the network; if, on the other hand, two arms 
are infinite, Ay only forms part of a chain connecting two effective junction points and it itself is 
not an effective junction point.) 

Let us consider tetrafunctional Ay as an example of Ay. The probability that A4 is an effective 
crosslink of degree 4 is given by 


Paa) = [1 - PEST (5.160) 


However, A4 can also be an effective crosslink of degree 3 and the probability that exactly three 
of the four arms lead out to infinite network is given (Macosko and Miller, 1976) by 


P(X34) = Í : Pes" [1 - P(e")? (5.161) 


In general, the probability that an A, unit will be an effective crosslink of degree m is then 


PXmf) = Í 2 jresyimf - P(FR™ |” (5.162) 
The concentration of effective network junctions or crosslink density may be defined (Macosko 
and Miller, 1976) as “the initial concentration of the appropriate Aş, species, [Af ]o, times the 
probability P (Xm, 7.) summed over f; = m to the highest functionality fg”, i.e., 


Sk 
[Xm] = X AghP(Xm,f,) (5.163) 


fi=m 


Summing the individual [X,,]’s from m = 3 to f then gives the total crosslink density [X]. At p 
=1,P(F ey becomes zero, so that in the limit of complete reaction, one can write, theoretically, 
[Xm] = [Ag,,]o. The crosslink density is an important parameter as it can be related to the concen- 
tration of effective network chains and hence to shear modulus of the crosslinked polymer (Miller 
and Macosko, 1976; Langley, 1968; Langley and Pollmanteer, 1974). 


Problem 5.37 Consider the polyether network formation by the stepwise polymerization of pentaerythri- 
tol. Using the recursive method of direct computation, determine the following network properties as a 
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ü 0.2 Od 0.6 BE 10 
Eaient of reaction, p 


Figure 5.11 Average properties calculated by recursive method for polyether network in stepwise polymer- 
ization of pentaerythritol (Data of Problem 5.37). 


function of the extent of reaction: (a) weight-average molecular weight, (b) weight fraction of solubles, and 
(c) crosslink densities. Neglect the effect of condensation products on these properties. 


Answer: 


(a) Ma, (CsH1204) = 136; f =4; from Eq. (P5.36.3), pe = 14 - 1) = 1/3. 


= 1 
From Eq. (5.110): M, = 136 —Ł. 
1 -— 3p 


Figure 5.11 shows a plot of Mw vs. p. 


(b) Combining Eqs. (5.157) and (5.158) for f = 4 gives ws = [a/p - 3/4)!/2 - 12" for p > pe. 
Figure 5.11 shows a plot of ws vs. p for p > 1/3. 


(c) Substituting Eq. (5.157) in Eqs. (5.160) and (5.161) gives 


[3/2 - (A/p - 3/4)!" 
tos [ayp = 3/4)! - 12] [3/2 - a/p - 3/4? 


P(X4,4) 


P(X3,4) 


for p > pc. Figure 5.11 shows a plot of P(X4,4) and P(X3 4) vs. p for p > 1/3. The actual densities, X4 and 
X3, are, however, given by 


X4 
X3 


[A flo P (X44) 
[A flo P (%3,4) 


where [Ay]o = 1/(136 g mol™!) = 7.35x107° mol g7!. 
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5.7.3.2 Polymerization of Ay + Bz 


Following the recursive method used above, calculation of P(F, ae can now be extended to a 
general system of A;’s reacting with B;’s. For illustration, consider, however, a simple case of A 
reacting with B2, schematically represented (Miller and Macosko, 1976) by 


B"\3 (5.164) 


Looking out from A; in direction L, and using Eq. (5.89) gives [cf. Eq. (5.151)]: 
P(FR™) = paP(Fg") + 1 - pa (5.165) 


where pa is the fraction of A groups and ppg the fraction of B groups which have reacted. These 
are related by [cf. Eq. (5.115)] 


PB = TPA (5.166) 


where r is the initial mole ratio of A groups to B groups. The probability of B’ leading to a finite 


chain in direction 2, is just the same as that of B” in direction ee that is, 
P(F") = P(RS") (5.167) 
Looking out from B” along 2, and using Eq. (5.89) gives 
P(Fg") = pBP(F}) +1 -ps = rpaP(F}) +1- rpa (5.168) 


. : : 3 7 4 
For A” to lead to a finite chain, all of the other arms of Ay must be finite. In the direction — we 
thus obtain 


PEP) = Pes (5.169) 


taking us back to the starting situation of Eq. (5.165). 
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Combining equations to solve for P(F<"') yields 
rpa P(ER! — PUR") -rph +1 = 0 (5.170) 


Since P(Fx") = 1 will always be a root of Eq. (5.170), and not of interest as it signifies no gelling, 
we can factor it out and solve the remaining equation for roots between 0 and 1. This yields 


for f =3, P(Fx") 
for f=4, PUL”) 


(1 = rpa)/rpa (5.171) 
(rph - 3/4"? - 1/2 (5.172) 


Il 


For higher f the roots are easier to find numerically. 
We can readily extend Eq. (5.158) for sol fraction to a mixture of Ay and B2 by weighting 
each species by its mass fraction in the mixture. Thus, 


ws = wa, P(FR") + wg, PCRS")? (5.173) 


Further generalization to a system of X}; A; + X} jB; (i j = 1,2,3, ...) is straightforward (Miller 
and Macosko, 1976): 


ws = È wa, P (FR + X, we, PRY (5.174) 
i j 


For crosslink density, Eqs. (5.160)-(5.163) are applicable to Aş + B2 system since only Aş 
(fi > 2) can act as an effective junction point in the infinite network. 


Problem 5.38 Calculate the sol fraction and the degree of crosslinking in the urethane networks formed by 
stepwise polymerization of 2-hydroxymethyl-2-ethyl-1,3-propanediol and 1,6-hexamethylene diisocyanate 
to 90% conversion of the hydroxyl groups (Miller and Macosko, 1976). Compare these properties for two 
urethane systems with (a)r = 1 and (b)r=0.75, where r is the mole ratio of hydroxyl to isocyanate groups. 


Answer: 
Let OH = A, NCO =B, and the system be represented by A3 +B2 — network. 
Substituting Eq. (5.169) in Eq. (5.168) yields 

P(E) = rpaP(FR®I! + 1 -rpa (P5.38.1) 
For f =3, Eq. (5.173) thus becomes 

ws = wa, P(F")3 + wp, [rpa PFS")? +1 - rpaf (P5.38.2) 
Ma; (C6H1403) = 134, Mp, (CgHi2N202) = 168. 
(a) r=1, A3:Bo mole ratio = 2:3, pa =0.90 


2x 134 3x 168 
son AA 9 aa ae ee A 658 
WAs = 3x134 43x168 WBa = 3x134 + 3x168 
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From Eq. (5.72), pe = = 0.707. Since pa > pe, equations for post-gel properties can be used. 


1 
fl + 12 
From Eq. (5.171), P(FS) = (1 - 0.9)?/@.9)? = 0.2346 and then from Eq. (P5.38.2), ws = 


(0.347)(0.2346)> + (0.653)| (0.9)(0.2346)? + 1 - 0.9} = 0.02. So at 90% reaction the finite species 
have essentially disappeared. 


Again from Eq. (5.162), P(X33) = [1 - Pro") ) = (1 — 0.2346)? = 0.448 and from Eq. (5.163), 
[X3] = (0.347)[1/(134 gmol7!)](0.448) = 1.16x10~3 mol g™!. 


(b) r = 0.75, A3: Bo moleratio = 1:2, pa = 0.90 


1x 134 2x 168 
= ——_______ = _ 0.285; = —_———] = 0.715 
Was = 1x 134 + 2168 WB. = 1x 134 + 2x 168 


1 


Froma GID 2 = 
tom Eq. (5.72), Pe = @a5 > 9,752 


applicable. 


= 0.816. Since pa > pc, equations for post-gel properties are 


From Eq. (5.171), P(Fe") = (1 - 0.75 x 0.97) /(0.75 X0.97) = 0.646 and from Eq. (P5.38.2), 
ws = (0.285)(0.646)> + (0.653)[(0.75)(0.9)(0.646)? + 1 — 0.9]? = 0.17. So even at 90% reaction there 
are nearly 17% solubles in the polymer. 


Again from Eq. (5.162), P(X33) = (1 - 0.646) = 0.044 and from Eq. (5.163), [X3] = 
(0.285) [1 /(134 g mol™!)] (0.044) = 0.9x10~4 mol g™!. 


Note: Comparison of (a) and (b) show that both the sol fraction and the crosslink density are highly sensitive 
to the value of r, the former increasing and the latter decreasing markedly with the increase in the proportion 
of the bifunctional component. 


5.8 Polycondensation of A,B Monomers 


Flory (1953) described the polycondensation reaction of A,B monomers from a theoretical point 
of view. Assuming that (i) the only allowed reaction is between an A group and a B group, 
(ii) no intramolecular condensation reactions occur, and (iii) the reactivity of a functional group 
is independent of molecular size, he predicted that condensation of A,B monomers would give 
highly branched molecules without network formation and having a multitude of end groups of 
the same type (Fig. 5.12). 


If y molecules of monomer A,B are reacted, the resulting y-meric species (cf. Fig. 5.12) 
will contain only a single B group at one end and (f —2)y +1 A groups at other ends, where 
f(=x +1) is the total number of functional groups on the monomer. Consider, for simplicity, an 
Af-1B monomer with f = 3. The probability that an arbitrarily chosen A group has reacted is 
equal to pa, the fraction of A groups reacted. The fraction of B groups reacted, pp, is then given 
by 

pp = palf-1) (5.175) 


The probability that a functional group A on a branch point (see Fig. 5.12) leads to another 
branch point, which defines the branching coefficient (œ), is evidently equal to the probability that A 
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Figure 5.12 Formation of branched polymer by condensation polymerization of A7B monomer as proposed 
by Flory (1953). 


has reacted, i.e., pa. Since B is the limiting group, replacing pg with the conversion p, we thus 
obtain from Eq. (5.175) an expression for the branching coefficient as 


«a = pf = 1) (5.176) 


The total number of molecules N at the extent of conversion p is M (1 — p), where N, is the total 
number of monomer units initially present. Hence the number-average degree of polymerization, 
Xn, is 

= N: N 1 1 
X, = > = SS = — = WH (5.177) 
N N — p) L=p 1 - a(f-1) 


The critcal value of œ beinga, = 1/(f — 1), according to Eq. (5.64), it is obvious from Eq. (5.176) 
that œ may not reach œc, since p may approach but never reach unity. Flory (1953) therefore 
concluded that condensation of A,B monomers would give randomly branched molecules without 
network formation. The inability to form network structure is linked with the limitation of the 
number of unreacted B groups to one per molecule (Fig. 5.12). 


5.8.1 Dendritic and Hyperbranched Polymers 


Though Flory (1953) theorized long ago about synthesizing condensation polymers from multi- 
functional monomers (see above), he did not consider it worthwhile to pursue this line of research, 
since such polymers being nonentangled and noncrystalline due to their highly branched structure 
would be expected to have poor mechanical properties. However, a little more than 30 years later, 
the first papers on synthesis of dendritic polymers (dendron, Greek for “tree”) appeared (Tomalia 
et al., 1985; Newkome et al., 1985), revealing a number of very unique and different properties of 
these polymers, compared to their linear analogs. For instance, at high molecular weights the den- 
dritic polymers were found to be globular and, in contrast to linear polymers, they behaved more 
like molecular micelles (Zeng and Zimmerman, 1997). The descriptors starburst, dendrimers, 
arborols, cauliflower, cascade, and hyperbranched, used for such polymers, all describe specific 
geometric forms of structure. 
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Dendritic polymers 


Dendritic A A 
unit Ara A 
A 

Linear A 


unit > 
Terminal 
unit 
(a) Dendrimer (b) Hyperbranched polymer 


Figure 5.13 Schematic representation of dendritic polymers comprising dendrimers and hyperbranched 
polymers (‘g level indicates generation number). 


Following the first papers of Tomalia et al. (1985) and Newkome et al. (1985) dealing with den- 
drimers, a large number of dendrimers have been presented in the literature ranging from polyami- 
doamine (Tomalia et al., 1991), polyethers (Hawker and Fréchet, 1990; Padias et al., 1987), and 
polyesters (Miller et al., 1992; Ihre et al., 1996) to polysilane (van der Made and van Leeuwen, 
1992). Copolymers of linear blocks with dendrimer segments (dendrons), block copolymers of dif- 
ferent dendrons, and polymers with dendritic side chains (Frauenrath, 2005) have been described. 


Dendrimers, as shown in the generalized form in Fig. 5.13(a), are obtained when each ray in 
a star molecule is terminated by an f-functional branching from which (f — 1) rays of the same 
length again emanate. A next generation is created when these f — 1 rays are again terminated 
by the branching units from which again rays originate, etc. In recent years, the chemistry of 
preparing dendrimers has become very successful. However, the synthesis of perfect monodis- 
perse dendrimers is time-consuming and painfully cumbersome (Fréchet, 1994). Another serious 
drawback is the space filling that occurs with the growth of a dendrimer due to which it has not 
been possible to prepare more than five generations. Either the reaction to a higher generation 
stops completely or the outermost shells develop imperfections. 


Since the production of perfect monodisperse dendrimers is too complicated and expensive, 
several researchers at DuPont Experimental Station working on dendritic polymers as rheology 
control agents and as spherical multifunctional initiators developed a route for a one-step synthe- 
sis of dendritic polymers. These polymers were, however, polydisperse and had defects in the form 
of linear segments between branch points but they were highly branched dendritic molecules. Kim 
and Webster (1990; 1992) named them hyperbranched polymers. (The structures are called hy- 
perbranched, since due to the chemical constraint a very high branching density becomes possible 
without gelation.) Ever since, a wide variety of hyperbranched polymers have been synthesized. 
A step change occurred when self-condensing vinyl polymerization was introduced by Fréchet 
et al. (1995), extending hyperbranched methodologies to vinyl monomers with end group con- 
trol and living polymerization features (see Section 11.3.8.3). Hyperbranched polymer synthesis 
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based on vinyl monomers (Ambade and Kumar, 2000; Gretton-Watson et al., 2005) was developed 
further by several research groups and includes free radical polymerization chemistries (Wang et 
al., 2003), self-condensing vinyl polymerizations (Mori et al., 2004), catalytic chain transfer pro- 
cesses (Heuts et al., 2002), and ionic (Baskaran, 2003) and coordination methodologies (Guan, 
2002). Methods of synthesis and various applications of hyperbranched and dendritic polymers 
have been reviewed recently (Yates and Hayes, 2004; Smith et al., 2005). 

Among the various applications suggested for hyperbranched polymers are surface modifi- 
cation, additives, tougheners for epoxy-based composites, coatings, and medicines. It has been 
demonstrated that hydrophobic, fluorinated, hyperbranched poly(acrylic acid) films can passivate 
and block electrochemical reactions on metal surfaces thus preventing surface corrosion (Bruen- 
ing, 1997). The lack of mechanical strength makes hyperbranched polymers more suitable as 
additives in thermoplast applications. Hyperbranched polyphenylenes, for example, have been 
shown to act successfully as rheology modifiers when processing linear thermoplastics. A small 
amount added to polystyrene thus results in reduced melt viscosity (Kim and Webster, 1992). 

The use of epoxidized hyperbranched polyesters as toughening additives in carbon-fiber re- 
inforced epoxy composites has been demonstrated (Boogh et al., 1995). Since a hyperbranched 
resin has a substantially lower viscosity and much shorter drying time than a conventional (less 
branched) resin of comparable molecular weight, hyperbranched polymers have been used as the 
base for various coating resins (Pettersen and Sorensen, 1994). 

An important application of dendritic polymers being explored in medicine is in advanced drug 
delivery systems. However, most applications within this field, described in the literature, deal 
with dendrimers and not with hyperbranched polymers. Hyperbranched polymers, being mostly 
polydisperse, are unsuitable in vivo applications (Roberts et al., 1996). 

A special feature of dendritic polymers is the possibility to combine an interior structure with 
one polarity, with a shell (end groups) having another polarity, e.g., a hydrophobic inner structure 
and hydrophilic end groups. Thus hyperbranched polyphenylenes with (anionic) carboxylate end 
groups have been described (Kim and Webster, 1990), where carboxylate end groups make the 
polymer water soluble while the hydrophobic interior hosts nonpolar guest molecules. This has led 
to the development of dendritic polymers with characteristics of unimolecular micelles (Hawker 
and Chu, 1996) and unique guest-host possibility considered suitable for medical applications, 
such as drug delivery (Uhric, 1997). 
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EXERCISES 


5.1 


5.2 


5.3 


5.4 


5.5 


A mixture of R(COOH) and R’(OH) in the mole ratio of 1:1.1 was used for studying the kinetics of 
polyesterification. The mixture having R(COOH) concentration of 3.808 mol/kg was initially poly- 
merized under mild conditions to about 80% conversion of the carboxylic acid groups. The mixture 
was then further polymerized in the presence of an added strong acid catalyst at a sufficiently high 
temperature to facilitate removal of the water of condensation by passing a stream of nitrogen gas. The 
polymerization in the second stage yielded the following data: 


Time, min [COOH], mol/kg 
0 1.71 
5 1.47 
10 1.28 
20 1.00 
30 0.80 
40 0.66 
60 0.47 
90 0.30 


Determine the polyesterification rate constant for the monomer system. 
[Ans. 0.013 kg mol~! min~!] 


Polymeric decamethylene adipate of X„ = 190 and having only hydroxyl end groups is to be prepared 
by reacting a small excess of the glycol with the dibasic acid until the condensation was substantially 
complete. Calculate the mole percent excess glycol that is to be used. 

[Ans. 1.06 mole%] 


Poly(decamethylene adipate) obtained in Exercise 5.2 was subjected to alcoholysis with 5% of its own 
weight of (a) ethylene glycol and (b) n-octyl alcohol in the presence of p-toluene sulfonic acid catalyst 
till there was no further change in viscosity. Estimate the limiting X, of the mixture. Assume equal 
reactivity of groups. 

[Ans. (a) 9; (b) 17.6] 


A sample of phthalic anhydride which contains 5% (w/w) phthalic acid as impurity, is to be polymer- 
ized with propylene glycol. What would be the limiting degree of polymerization if ‘stoichiometric’ 
polymerization were carried out without taking note of the impurity ? 

[Ans. Xn = 370] 

In the polycondensation of H: N(CH2)s NH? and HOOC(CH2)4COOH, in equimolar quantities, to form 
nylon-6,6 what is the molecular weight of the species that has the largest yield by weight at 99% 


conversion ? 
[Ans. Mn = 11,300] 
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5.6 


5.7 


5.8 


5.9 


5.10 


5.12 


5.13 


5.14 


5.15 


5.16 


5.17 
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Nylon-11 is poly(w-aminoundecanoic acid). In the polymerization of w-aminoundec-anoic acid, 
H2N(CH2);9COOH, to produce this polymer, what weight fraction of the reaction mixture will have 
the structure —[-NH-(CH2))9—CO-];99— when 99% of the functional groups have reacted ? 

[Ans. 3.7x1073] 


Poly(ethylenoxy benzoate) is produced by the following reaction : 
n HOCH2CH20-Ph-COOCH3 en —(-OCH2CH20-Ph-CO-),, + nCH30H T 


(where Ph = p-phenylene). At 75% extent of reaction, what is the weight average degree of polymer- 
ization (a) of the reaction mixture and (b) of the polymer ? 
[Ans. (a) 7.0; (b) 7.4] 


When an equilibrium step-growth polymerization is 99% complete, what fraction of the reaction mix- 
ture is still monomer (a) on mole basis and (b) on weight basis ? 
[Ans. (a) 0.01; (b) 0.0001] 


In the polymerization of HyN(CH2);9COOH to form nylon-11, what is the molecular weight of the 
species that has the largest weight fraction in the reaction mixture at 99% conversion ? 
[Ans. 18,300] 


Consider synthesis of nylon-6,10 from stoichiometric amounts of hexamethylene diamine, 
H2N(CH2)6NHbp, and sebacic acid, HOO(CH2)gCOOH. At 98% conversion of carboxylic acid groups, 
determine (a) M„ and M,, of the product, and (b) the sum of the mole fractions and that of the weight 
fractions of species containing | through 6 (inclusive) monomer units. 

[Ans. (a) 7,050 and 13,960; (b) 0.1141 and 0.0079] 


In the polymerization of decamethylene glycol and acidic acid in equimolar proportions at 110°C in the 
presence of an externally added strong acid catalyst, the degree of polymerization showed an increase 
of 40 in 300 min, the reaction being carried out with continuous removal of water of condensation. 
(a) Determine the rate constant k’ as defined by —d[COOH]/dt = k’[COOH][OH]. (b) Suppose in 
the removal of water from the start of reaction 2% of the initially charged glycol were lost by steam 
distillation, but no adipic acid. What maximum degree of polymerization could be achieved ? 

[Ans. (a) 2.2x107° s“!; (b) 99] 


A nonstoichiometric mixture consists of 1 mol of glycerol and 5 moles of phthalic acid. Can gelation 
occur in this system ? 
[Ans. No; X, of mixture at p = 1 is 2] 


Compare the gel point calculated from the Carothers equation with that using the statistical approach of 
Flory for the following mixture: phthalic anhydride, ethylene glycol, and glycerol in the molar ratio 
1.50: 0.70: 0.50. 

[Ans. pc (Carothers) = 0.931, pe (Flory) = 0.826] 


A polymerization system made of Ay (f = 3) and B-B is to be reacted until gelation occurs. What 
should be the stoichiometric proportions of A, and B-B if it is desired to effect gelation of the system 
when 90% of the A groups have reacted ? 

[Ans. 0.588 : 1 (Carothers); 0.411: 1 (Flory)] 


Compute the time to reach the gel point for the acid catalyzed system 2A f (f = 3) + A—A + 3.5B—B, 
where cok’ = 4x10~4 s71. Also calculate X, at the gel point. 
[Ans. 1.67 h; 7.7] 


The network polyurethane obtained by reacting a diisocyanate R(N=C=O)2 with pentaerythritol 
C(CH,OH), contains, according to elemental analysis, 0.2% (w/w) nitrogen and has a density of 1.05 
g/cm? . Determine (a) polymer chain segment density in mol/ cm?, and (b) molar mass of chain segments 
between branch points. 

[Ans. (a) 7.5x1075 mol cm73; (b) 14,000 g mol~!] 


Calculate the statistical gel point conversions of A and B groups in the system consisting initially of A 
(4 moles), A—A (51 moles), A3 (2 moles), A4 (3 moles), B (2moles), B—B (50 moles), B3 (3 moles), 
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5.18 


5.19 


5.20 


5.21 


5.22 


5:23 


and B5 (3 moles). 
[Ans. A groups: 0.7799; B groups: 0.7643] 


Equimolar amounts of trimethylol propane and tricarballylic acid were reacted till 75% esterification 
took place. Assuming equal reactivity of functional groups, calculate the weight fractions of sol and gel 
in the polymeric mixture, and the weight fraction of unreacted monomer in the sol. 

[Ans. ws = 0.037; wg =0.963; wy, (sol) = 0.422] 


Use Eq. (5.149) derived by the recursive approach to calculate the gel point conversions of A and 
B groups for the following step-growth polymerization systems and compare with the corresponding 
values calculated according to the gel point theory of Flory: (a) A4 (2 moles) + B—B (4 mols); (b) 
A—A (3 moles) + A4 (1 mol) + B—B (4 moles); (c) Ay (1 mol) + By (Jmol); and (d) A (1mol) + 
A3 (2 moles) + B4 (2 moles). 

[Ans. (a) pa = 0.577 (cf. Flory 0.577), pg = 0.577; (b) pa = 0.667 (cf. Flory 0.667), pp = 0.833; 
(c) pa = 0.333 (cf. Flory 0.333), pp = 0.333; (d) pa = 0.471 (cf. Flory 0.467), pg = 0.412] 


Recalculate the gel point conversion of the polymerization system of Exercise 5.17 by the simpler recur- 
sive approach and compare the results. Also calculate the M,, of the polymer formed at 50% conversion 
of the A groups. Assume that the molecular weights of all the monomers in the polymerization system 
are equal and have a value of 100. 

[Ans. pa = 0.771 (cf. Flory 0.779); My = 399] 


Consider the following system: 


Phthalic anhydride C6H4(CO)20 1.5 mol 
Tricarballylic acid CH2(COOH)CH(COOH)CH2(COOH) 0.4 mol 
Pentaerythritol C(CH20H)4 1.0 mol 


Can the system be reacted to complete conversion without gelation? If not, what is the extent of 
conversion of the acid functionality at the gel point calculated from (a) the Carothers equation, (b) the 
statistical approach of Flory-Stockmayer, and (c) the recursive method of Macosko-Miller ? 

[Ans. (a) 0.69; (b) 0.494; (c) 0.497] 


Polyurethane foam was made by stepwise polymerization of methylenediphenyl isocyanate 
CH2(C6H4NCO)>2 and 2-hydroxymethyl-2-ethyl-1,3-propanediol in the mole ratio of 1: 0.7. Calculate 
the weight fraction solubles and the total crosslink density in the network if the extent of reaction of the 
isocyanate is 90%. 

[Ans. ws = 0.03; [X3] = 0.71x1073 mol gly 


A stoichiometric mixture of A4 and B2 type monomers in which only the reaction of A with B is 
possible was polymerized to 80% conversion of the A groups. Calculate (a) the sol fraction and (b) the 
ratio of crosslinks of degree 3 and degree 4 in the network polymer. (Molecular weights: A4 = 576, 
B2 = 5000) 

[Ans. (a) 0.06; (b) 2.68: 1] 
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APPENDIX 5.1 


Summations Often Used in Calculation of Molecular 
Distribution of Polymers 


x 1 
Zp = ——, pbeingaconstant (0< p< 1). 
x=1 1 =P 
Derivation 
n 
Zp =1+p+p + EEE + pr! 
x=1 
n 
pP = pt PtP oc +p" 
x=1 
Subtracting, 
n 
(l-p)>)p*! = 1-p" 
x=1 
Asn > œ, p” > 0; it then follows 
ae 1 
yp! = z 
x=1 =P 


sa 1 
> xp! = —~—,, p being aconstant (0< p< 1). 
x=1 ad = p) 


Derivation 
n 
Z xp! = 1+2p+3p + + np”! 
x=1 
n 
p> xp! =p Dp +3pP +o + np” 
x=1 
By subtracting 
n 
-Dx = lt pt p+ pte -np 
x=1 


Taking into account the result derived in 5.1 and noting that with p” > 0 as n > oo 


x-1 
xp* pes, 
2 a- p? 
n 1+ 
Zep! = = 
oa a -= py 
Derivation 
Zep = i 4p te 9p* + 16p° Pear + np 
x=1 
p} xp = p+ 4p’ + 9p? +16p + extensions + np 


n 


Chapter 5 


(A5.1.1) 


(A5.1.2) 
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By subtracting, 


n 
a- p) yx pr! = 1+3p+5pP + 7p tere: — np" 
x=1 
whence 
n 
pl -Dp = pt 3p? + 5p? +IP toe: ~ Wp"! 
x=1 


By subtracting these two equations, 


n 
a -p° 2p! = 1+2p+2pP t+ 2p + rp"! 
x=1 
whence 
n 
pa - pep = pt 2p" + 2p? Dp te nent + np? 


x=1 


By subtracting again, 
n 
a = py Zep! = 1+ p- np"? 
x=1 
Asn > œ, pr? > 0; it follows 


= 1+ 
ep = P A5.1.3 
2 p a-p ( ) 


Similarly, it can be shown that 


(A5.1.4) 
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Chapter 6 


Free Radical Polymerization 


6.1 Introduction 


In the previous chapter, step-growth polymerization and its kinetics were considered, while the 
characteristic features of this polymerization as compared to those of chain-growth polymeriza- 
tion were summarized in Table 5.1. We now turn our attention to this latter type of polymerization 
processes and especially to those initiated by free-radicals in the presence of monomer. A large 
number of unsaturated monomers, such as ethylene (CH? =CHz, the simplest olefin), a-olefins 
(CH2 =CHR, where R is an alkyl group), vinyl compounds (CH2 =CHX, where X = Cl, Br, I, 
alkoxy, CN, COOH, COOR, C6H5, etc., atoms or groups), and conjugated diolefins [e.g., butadi- 
ene, CH, =CH—CH=CH)y, and isoprene,CH2 =C(CH3)- -CH=CHz] readily undergo chain-growth 
polymerization, also known as addition or simply chain polymerization. Polymerization of such 
monomers will be discussed in this and the next three chapters. 

Chain-growth polymerization, as well as all other typical chain reactions are usually faster than 
those in step-growth polymerizations and are typified by three normally distinguishable processes, 
viz., (i) initiation of the chain, (ii) propagation or growth of the chain, and (iii) termination of the 
chain. (A fourth process, chain transfer, may also be involved.) 

The initiation is usually a direct consequence of the generation of a highly active species R* by 
dissociation or degradation of some monomer molecules (M) under the influence of such physical 
agencies as heat, light, radiation etc., or as a consequence of dissociation or decomposition of 
some chemical additives commonly known as initiators (I): 


I — R* (6.1) 


The reactive species R* may be a free radical, a cation, or an anion, which adds to the unsaturated 
monomer molecule by opening the z bond and simultaneously regenerating a reactive center of the 
same type. The new reactive center then adds to another monomer molecule, M, and the process 
is repeated in quick succession leading to addition of many more monomer molecules to the same 
chain, the reactive center being always shifted to the end of the growing chain with each addition. 
The chain propagation process can thus be represented by 
R*+ M — RM* 2% RMM* -2™_, RM), M* (6.2) 
The chain growth is terminated when the reactive center is destroyed by some mechanism that 
depends on the type of reactive center (radical, cation, or anion), nature of the monomer M, and 
the reaction conditions. 
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In the present chapter, the basic principles of free-radical chain polymerizations, i.e., chain- 
growth polymerizations in which the reactive centers are free radicals, will be considered in detail, 
focusing on the polymerization reactions in which only one monomer is involved, while polymer- 
ization reactions involving more than one monomer, referred to as free-radical copolymerization, 
are considered separately in Chapter 7. Chain-growth polymerizations in which the active centers 
are ionic are discussed in Chapter 8. 


6.2 Scheme of Radical Chain Polymerization 
6.2.1 Overall Scheme 


Radical chain polymerization, as noted above, is a chain reaction which involves mainly three steps 
— initiation, propagation, and termination, taking place in sequence. The overall scheme of the 
polymerization of a vinyl or related monomer M, initiated by the decomposition of a free-radical 
initiator I, may be schematically represented as follows (Ghosh, 1990): 


Initiation 
ka 
I Á 2R° (6.3) 
R: +M —5 RM: (6.4) 
Propagation 


RM* +M — RMM*° or RM>° 
RM2* +M — RMMM*° or RM3° (6.5) 
RM3° +M = RMMMM*° or RMgq°* 


In general terms, 


RM,-1° +M t, RM,” (6.6) 
Termination 
an ko 
R Morem R (6.7a) 
RM, + RM, "B 


where R° is a free-radical generated by the decomposition of the initiator I; RM, * and RM,,° (m, 
n = 1,2,3 ---) are the growing polymer chains, each bearing a free-radical center at the chain end 
and RM, RM, RMn+mR, etc. are dead (inactive) polymer molecules. It is apparent that the group 
R capping one or both ends of the dead polymer molecule is the initiator fragment in the form of 
radical R° , trapped as an end group in the polymer structure. A significant feature of the above 
polymerization scheme is that the active center is retained by the growing chain throughout the 
propagation process. The aforesaid three steps are discussed below in greater detail. 
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6.2.2 Chain Initiation 


The initiation step consists of two reactions in series. The first is the production of free radicals, 
which can be accomplished in many ways. The most common method, however, involves the 
use of a thermolabile compound, called an initiator (or catalyst), which decomposes to yield free 
radicals when heated. Thus, the homolytic dissociation of an initiator I yields a pair of radicals 
R° , as shown by Eq. (6.3), where kg is the rate constant for initiator dissociation at the particular 
temperature. Its magnitude is usually of the order of 1074—1076 s~!. (Being derived from the 
initiator, R * is referred to as an initiator radical and often as a primary radical.) The second step 
of the initiation process is the addition of the radical R* to a monomer molecule as shown in Eq. 
(6.4), where RM° is the monomer-ended radical containing one monomer unit and an end group 
R. The rate constant for the reaction is k;. For a vinyl monomer, this second step involves opening 
the z-bond to form a new radical : 


H H 
| 

R? + H,C=——C —~> ae (6.8) 
X X 


The rate of radical generation according to Eq. (6.3) is given by 
d[R°*|/dt = 2kali] (6.9) 


since each molecular decomposition of the initiator produces two primary radicals, R*. Each 
R° then attacks a monomer molecule M to produce a chain radical RM° [see Eq. (6.4)] by a fast 
reaction [Eq. (6.8)]. The decomposition of the initiator [Eq. (6.3)], which is much slower than 
this initiation reaction, is the rate controlling step (as the primary radicals R° give rise to chain 
initiation as soon as they are generated in the monomer system). If there is no wastage of the 
primary radicals by side reactions, the rate of chain initiation, R;, will thus be the same as the rate 
of radical generation given by Eq. (6.9), i.e., 


_ (4IM')) _ ap. = 
RE (=) = kIR*IM] = 2kall] (6.10) 


For practical purposes, however, the expression is modified as 


i= 


dM _ 
(=) = zyem (6.11) 


where the factor f is the initiator efficiency or the efficiency of initiation, representing the fraction 
of primary radicals R* , which actually contribute to chain initiation as given by Eq. (6.4). This 
will be discussed later in more detail. 


6.2.3 Chain Propagation 


Initiation is followed by chain propagation, in which the growth of RM” , often represented as 
M; °, takes place by successive addition of a large number of monomer molecules, according to 
Eqs. (6.5). The monomer addition takes place in the same way as shown in Eq. (6.8). Following 
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each addition reaction, the chain size increases by one monomer unit, while the radical center is 
transferred to the end monomer unit. 

In writing the sequence of equations (6.5), it was assumed that the radical reactivity is in- 
dependent of chain length so that all successive propagation steps are characterized by the same 
rate constant k, and may thus be represented by the general equation (6.6). The overall rate of 
propagation is therefore given by 


Rp = kp[M][M"*] (6.12) 


where [M] is the monomer concentration and [M° ] is the total concentration of all chain radicals 
of size RM” and larger. 

The value of kp for most monomers is in the range 10?-10* L/mol-s. This is very large com- 
pared to rate constant values for step-growth polymerization (typically, 107? L/mol-s for acid- 
catalyzed polyesterification). The growth of a chain radical to macromolecular size thus takes 
place very rapidly. This also explains a distinctive feature of radical chain polymerization that, in 
sharp contrast to condensation or step-growth polymerization (see Table 5.1), the chain polymer- 
ization system even at low conversions would practically consist of full-grown polymer molecules 
of high molecular weight besides the unreacted monomer and no species in an intermediate stage 
of growth can be isolated. However, as a consequence of kq being very small compared to kp, the 
time needed for a measurable conversion of the monomer is orders of magnitude greater than the 
time needed for the full growth of a polymer molecule. 


6.2.4 Chain Termination 


The sequence of propagation reactions is terminated at some point due to annihilation of the radical 
center of the propagating chain. Two propagating chains are terminated when two radicals combine 
to form an electron-pair (covalent) bond as in the reaction 


E. k i oH 
www CHC" i "C—CH wow — > C —C—C— CH (6.13) 
xX X Xx X 


This process is called termination by combination (or coupling). In general terms, this is written 
as Eq. (6.7a), where krc is the rate constant for termination by combination (or coupling) or simply 
the combination rate constant. 

Alternatively, a pair of radicals can form two new molecules by a disproportionation reaction : 


ee ji i 
i 
wmweCHy—C* + “CCH, eww — > mentio e + CCH eis 
x x X X l 


In general terms, this is represented as Eq. (6.7b), where krą is the rate constant for termination by 
disproportionation or simply the disproportionation rate constant. 
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Termination of chain radicals can also occur by a combination of coupling and disproportion- 
ation. However, since both the reactions result in the formation of dead (i.e., without any radical 
center) polymer molecule(s), the termination step can also be represented by 


ki 
Mn’ + Mn* — dead polymer (6.15) 
where k; is the overall termination rate constant given by 


ki = kte + kta (6.16) 


The termination rates, R;, corresponding to the different modes of termination are 


From Eq. (6.7a): Rie = 2kie[M* (6.17) 
From Eq. (6.7b): Ria = 2kia[M* (6.18) 
From Eq. (6.15): R; = 2k; [M*}? = 2(kie + kia) [M*] (6.19) 


where [M° ] is the total concentration of chain radicals of all sizes. A factor of 2 is used in the 
above expressions, in accordance with the generally accepted American convention, since for each 
incidence of a termination reaction, two chain radicals disappear from the system. Recall that a 
factor of 2 has also been used previously in Eq. (6.9) for formation of radicals in pairs. It may be 
noted that in the British convention, this factor of 2 is not used, both in initiation and termination. 
However, both conventions are nonobjectionable and they lead to the same conclusions about 
polymerization rates, but the two cannot be mixed. 

Equations (6.12) and (6.17)-(6.19) are based on the assumption that both the propagation and 
termination rate constants are independent of the size of the radical. This assumption facilitates the 
derivation of a kinetic expression, as shown below, for the overall rate of polymerization, which 
can be tested experimentally. There is also a considerable experimental evidence to justify the 
above assumption (Allcock and Lampe, 1990). 

Values of k; (whether ktc or kta) are usually in the range of 106—108 L/mol-s. Though these 
values are orders of magnitude greater than kp, polymerization to high molecular weight still 
occurs because the concentration of radical species is very small (due to low values of kg) and 


because, as shown later, the polymerization rate is proportional to kp and inversely proportional to 
Ke. 


6.2.5 Rate of Polymerization 


A radical chain polymerization is started when the initiator begins to decompose according to 
Eq. (6.3) and the concentration of radicals in the system, [M° ], increases from zero. The rate of 
termination or disappearance of radicals, being proportional to [M° P [cf. Eqs. (6.17)-(6.19)], is 
thus zero in the beginning and increases with time, till at some stage it equals the rate of radical 
generation. The concentration of radicals in the system then becomes essentially constant (or 
“steady”), as radicals are formed and destroyed at equal rates. This condition, described as “steady- 
state assumption” or “steady-state approximation”, can thus be described by the following two 
equations : 


Ri = R, and d[M"]/dt = 0 (6.20) 
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The steady-state approximation is a very useful assumption since, as shown below, it allows one to 
eliminate the inconvenient radical concentration term [M° ] and find an expression for it in terms 
of known or measurable parameters. The validity of steady-state approximation has been shown 
experimentally in many polymerizations (see Problem 6.1 below). 


Problem 6.1 Experimentally, it is observed that, except in the very earliest stages where the extent of 
reaction is insignificant, the loss of monomer is accounted for, quantitatively, by the formation of the polymer 
(Allcock and Lampe, 1990). Justify on this basis the steady-state approximation that all free radicals present 
in a polymerizing system are at steady-state concentrations. 


Answer: 


Let [M] be the initial concentration of the monomer. Since all the monomer molecules that have reacted 
must be contained either in the propagating radicals or in the inactive polymer product, the stoichiometry 
requires that (Allcock and Lampe, 1990) : 


[M] = [M] + >) n[Pa] + >) nMn] (P6.1.1) 


Differentiating Eq. (P6.1.1) with respect to time and rearranging one obtains 


-M = gada) «ptm rasa 


: ; f d[M] a) 
According t tal ob tion, -——— = — |. 
ccording to experimental observation 7 x n( a 


d[M,,° 
Hence, >» n( Ma 7) = 0. This means that 
n 


d[Mn* | d[M° | 
a = a = 0, where [M°] = Mn] (P6.1.3) 


Equation (P6.1.3) represents the steady-state approximation. 


It can be shown that the steady-state condition is reached soon after polymerization starts (see 
Problem 6.12). One can, therefore, assume without much error that it applies to the whole course 
of the polymerization (Rudin, 1982). 

Substitution of R; from Eq. (6.19) into Eq. (6.20) yields 


Ri = 2k [M°)? or [M*] = (= (6.21) 


Since monomer disappears both by the initiation reaction [Eq. (6.4)] and by the propagation 
reactions [Eq. (6.6)], the rate of monomer disappearance, which is the same as the rate of poly- 
merization, will be given by —d[M]/dt = Ri + Rp. However, the number of monomer molecules 
consumed in chain initiation is insignificant compared with those consumed in chain propagation 
in a case where the average chain length of the polymer formed is large. For calculations, the 
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former can thus be neglected and the polymerization rate simply equated to the rate of propagation 
(long-chain approximation), i.e., 


d[M] 

Radical concentrations, being very low (~ 1078 mol/L), are difficult to measure quantitatively. 

It is therefore convenient to eliminate [M° ] by substitution from Eq. (6.21). This yields the 
following expression 

d[M] 


-—— = R = Kp IM ( 


R; 1/2 
a ! ) (6.23) 


2k; 


for the rate of polymerization. When initiation takes place by thermal decomposition of initiator, 
as represented by Eq. (6.3), substitution for R; from Eq. (6.11) gives 


1/2 
d[M] fka =) (6.24) 


A ay = sa 


Equations (6.23) and (6.24) show that the rate of polymerization depends directly on the 
monomer concentration and on the square root of the rate of initiation. Thus, doubling the 
monomer concentration doubles the polymerization rate, while doubling the rate of initiation or 
initiator concentration increases the polymerization rate only by the factor V2. It is further evident 
from Eqs. (6.23) and (6.24) that the polymerizability of a monomer in radical chain polymeriza- 
tion is related to the ratio kplkt! ? and not to kp alone. As we shall see later, this ratio appears 
frequently in the equations derived for radical polymerization. 


6.2.6 Overall Extent of Polymerization 


It should be noted that Eq. (6.24) represents the instantaneous rate of polymerization correspond- 
ing to [M] and [I] values at any given instant. Since these values change with conversion, Eq. 
(6.24) must be integrated over a period of time to determine the overall extent of polymerization. 

If the initiator decomposes in a unimolecular reaction [cf. Eq. (6.3)], the rate of initiator 
disappearance is first order in initiator, represented by 


—d[I]/dt = ka[l] (6.25) 
Integration of Eq. (6.25) between [I], at t = 0 and [I] at ¢ gives 
D = [he (6.26) 


[Integrating between [I], att = 0 and [I] = [I],/2 at t = t12, gives the half-life (¢1/2) of the initiator 
as 


ti = (In2)/ka (6.27) 
Being independent of the initial concentration of the initiator, f1/2 is a convenient criterion for 


initiator activities. Several common initiators with their half-lives at various temperatures are 
listed in Table 6.1.] 
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Table 6.1 Half-Lives of Some Common Initiators at Different Temperatures 


Half-life at 
Initiator 50°C 70°C 100°C 130°C 
Azobisisobutyronitrile 73 h? 6.1 hf 7.2 min” 
Acetyl peroxide 158 h“ 8.1 h? 15 min! 
Benzoyl peroxide 364h?  16.3h 25 min 
(49.4°C) 
Lauroyl peroxide 87.9 h° 6.7 hf 4.8 min! 
t-Butyl peroxide 220 h? 6.9 h° 
Cumy!l peroxide 1.8 h? 


t-Butyl peracetate 12.5 h° 20.3 min? 


Solvents used: a Benzene; b toluene; c cyclohexene; d styrene. 
Source: Calculated from Eq. (6.27) using kg data from Brandrup et al. (1999). 


Inserting Eq. (6.26) into Eq. (6.24) one obtains 


bí o (=) (fka Io)? (e*t) at (6.28) 


Integration between [M], at t = 0 and [M] at t gives 


[M] kp \ (fI) Le 
Si = 2( | T ) (1 — e~?) (6.29) 


Since the extent of monomer conversion, p, is usually defined as 


_ [Mh - M] Te 
p= oot (=p) = [M]/[Mh (6.30) 


Equation (6.29) may also be written as 


k fo 12 —koat 
—In(l - p) = (3>) G (1 — e*t) (6.31) 


This equation can be used to calculate the amount of polymer produced (that is, moles of monomer 
converted into polymer) in time ¢ at a given temperature or for determining the time needed to reach 
different extents of conversion for actual polymerization systems where both [M] and [I] decrease 
with time. 


Problem 6.2 The decomposition of benzoyl peroxide is characterized by a half-life of 7.3 h at 70°C and an 
activation energy of 29.7 kcal/mol. What concentration (mol/L) of this peroxide is needed to convert 50% of 
the original charge of a vinyl monomer to polymer in 6 hours at 60°C? (Data: f =0.4; klk = 1.04x10-? 
L/mol-s at 60°C.) 
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Answer: 
In2 In2 


= = 2.638 x 1075 s7! 
n2 (73x 3600 s) RON ee 


From Eq. (6.27) at 70°C, kg = 


Using Arrhenius-type relationship, kg = Age~£#/"" at 60°C and 70°C: 


(ka)goe | 2 Euf 1 1 ) 


=o a P6.2.1 
(2.638 x 10-5 s7!) 333 343 ( ) 


R 
From the given value of Ey, Eq/R = (29.7 x 10° calmol7!)/(1.987 calmol7! °K7!) = 1.495 x 104 °K. 
Substituting the value of Eg/R in Eq. (P6.2.1), (Kaeo? = 7.128x10~° s7!. 

Using Eq. (6.31) for 50% conversion at 60°C, 


2(1.04 x 107? Lmol7! s~!)!2 
(7.128 x 1076 s71)1/2 
1 — e-(7.128 x 10 s7!)(6 x 3600 s)/2 


-1In0.5 = (0.4[I])) 7 x 


Solving, [Il = 3.75x1072 mol L7!. 


Problem 6.3 For a new monomer 50% conversion is obtained in 500 min when polymerized in homoge- 
neous solution with a thermal initiator. How much time would be needed for 50% conversion in another run 
at the same temperature but with four-fold initial initiator concentration ? 


Answer: 


Approximating (1 = e™katl2) by kat/2, Eq. (6.31) may be written as 
k 
-In(1 -= p) = Fa Ska Mit 
k, 
Taking ratio of equations for the runs (same conversion, same rate constants), 


_ Me 


Moit 


Given [I]o2/[I]o,1 = 4. Hence, t = (500 min)/ V4 = 250 min. 


Problem 6.4 If a 5% solution of a monomer A containing 1074 mol/L of peroxide P is polymerized at 
70°C, 40% of the original monomer charge is converted to polymer in 1 h. How long will it take to polymerize 
90% of the original monomer charge in a solution containing (initially) 10% A and 107? mol/L of peroxide 
P? 


Answer: 


Approximating (1 — eW kati) by kgt/2, Eq. (6.31) becomes 


k 1/2 
-Inl - p) = ko 24) mlr 
Run 1: -m(0.6) = K (10 mol L-!)'? (1 b) 
Run2: -In@.1) = K (10 mol L!)'” () 


where K is a lumped constant, same for both runs. Taking ratio to eliminate K, t = 0.1 (1In0.1/1n0.6) = 0.45 h. 


298 Chapter 6 


Figure 6.1 Sketch of a simple dilatometer. The 
change in height of the liquid in the capillary 
(protruding from the oil in the bath) is mea- 


N sured periodically with a cathetometer (a rigidly 
Thermostatic 


bat mounted, vertically sliding telescope) or from the 
ath 


scale on the dilatometer. The rate of polymer- 
ization can then be determined from the rate of 
change in the height of the liquid. (Adapted from 
Allcock and Lampe, 1990.) 


6.3 Experimental Determination of Rp : Dilatometry 


To determine the rate of polymerization, it is merely necessary to measure the monomer concen- 
tration [M] as a function of reaction time ¢ and then determine the slope of a plot of [M] versus t. 
The monomer concentration can be measured by infrared (IR), ultraviolet (UV), and nuclear mag- 
netic resonance (NMR) spectroscopy. It is, however, significantly faster and also more convenient 
to determine polymerization rates by measuring some physical property of the reaction mixture 
that changes with the extent of polymerization. Although a number of such methods are available, 
dilatometry is most commonly used in practice. The method is briefly described below. 

Because the density of a polymer is usually greater than that of the monomer from which it 
is formed (for styrene, for example, 1.062 and 0.905 g/cm? at 25°C for polymer and monomer, 
respectively), the rate of addition polymerization can be followed by observing the contraction 
(Ah) in volume of a fixed weight of monomer as it is polymerized at a constant temperature. The 
sensitivity of the volume change (shrinkage) with conversion can be increased significantly by 
measuring the shrinkage in a tube of very narrow diameter. Such a device is called a dilatometer. 
It may be constructed in a variety of ways. A simple apparatus is shown in Fig. 6.1. It has 
a reservoir (C) to contain a sufficient volume of liquid (for a meaningful volume change with 
conversion) and is fitted with a capillary tube (D) to facilitate the measurement of volume change 
due to conversion of monomer to polymer. The apparatus is placed in a thermostatic oil bath 
maintained at the desired reaction temperature. 


Problem 6.5 Show how the rate of a free-radical polymerization can be determined from the measured 
changes in the capillary liquid height (Ah) in a simple dilatometer (Fig. 6.1). 


Answer: 


On a weight fraction basis, the fractional yield of polymerization, y, at time £ may be written as 


(P6.5.1) 


where w),, and wm are the weights of the monomer initially and at time t, respectively. Assuming that all the 
monomer is converted to polymer after a sufficiently long time (t = co) when there is no further decrease in 
the liquid height (h), wm and wù, can be related to the change in volume of the reaction system (Allcock and 
Lampe, 1990) by 


Wn. gy T: (P6.5.2) 
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where V, is the initial volume of the reaction system, while V and V» are the volumes at t =f and t = œ, 
respectively. Then combining Eqs. (P6.5.1) and (P6.5.2), one may write 


y= GE fy os Ang) (P6.5.3) 
Vo — Væ Ah(co) 


where Ah is the fall in liquid height in the capillary tube. An expression for the initial rate of polymerization 
may then be given (Allcock and Lampe, 1990) as 


ae yIM], _ AkO [Mh (P6.5.4) 
Pt AA = 00) t n 


Since AA(t = co) can be calculated (see Problem 6.6), Rp can be determined from the observed decrease in 
liquid height (Ah) in the capillary of the dilatometer at time t. 


Problem 6.6 A dilatometer (total volume 49.0 cm’, capillary radius 0.1 cm) was filled with a freshly 
distilled sample of styrene containing 0.1% (by wt) of 2,2’-azo-bis-isobutyro- nitrile. The dilatometer was 
placed in an oil bath at 70+1°C and was immersed in the oil so that the capillary tube protruded. When the 
volume of the solution began to decrease after coming to thermal equilibrium, the fall in height of the liquid 
(Ah) in the capillary tube was determined periodically from the scale on the dilatometer (McCaffery, 1970). 
This yielded the following data: 


Time (s) Ah (cm) 
300 0.83 
600 1.68 
1800 5.03 
3600 10.05 
5400 15.10 
7200 20.13 


Determine the kinetic parameter kplky? at 70°C, given that f = 0.60 and kg = 4.0x1075 s7! at 70°C. 
[Density (g/cm? )at 70°C: styrene 0.860; polystyrene 1.046] 


Answer: 


Initial volume of styrene (Vo) = 49.0 em? at 70°C. Weight of polystyrene at 100% conversion = initial wt of 
styrene = (49.0 cm?)(0.860 g cm~?) = 42.14 g. Therefore, V» = (42.14 g) / (1.046 g cm~?) = 40.287 cm? 
and (V, — Væ) = (49.0 — 40.287) or 8.713 cm?. 


As the capillary tube diameter is known, the fall in liquid height in the capillary can be calculated : 


(8.713 cm?) 


Ah = 00) = 7930.1 em? 


= 277.22 cm 


(1000 cm? L7!) (0.860 g cm~?) 


k = 8.27 mol L7! 
(104 g mol) 


Monomer concentration, [M] = 


The yield of polymer (y) can be calculated from Eq. (P6.5.3) and the polymerization rate (Rp) from Eq. 
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(P6.5.4) using the observed values of Ah. This gives: 


Time (s) % Conversion (y x 100) Rp X 10° (mol L! s1) 
300 0.30 8.40 
600 0.62 8.51 
1800 1.84 8.49 
3600 3.69 8.48 
5400 5.55 8.50 
7200 7.39 8.49 


For low degrees of conversion (generally below 10%) both [I] and [M], and hence Rp, may be assumed to be 


constant. The average value of Rp obtained from the above data is 8.49x1075 mol L7! s7!. 


Ho = gL7!)/(164 gmol™!)=6.1x107? mol L7! 
From Eq. (6.24), using initial conditions, 


R 
cin = —— 2 
ne [M]o (fka Dlo)" 
(8.49 x 1075 mol L7! s7!) 
(8.27 mol L~!) [(0.6)(4.0 10-5 s~!)(6.1 x 10-3 mol L~!) |!” 


= 0.027 L!? mol7!/? 5-1/2 


6.4 Methods of Initiation 


It may be noted that Eq. (6.23) for the rate of polymerization R, contains a general term R; rep- 
resenting the rate of initiation. The expression for R; will vary depending on the method used 
for the generation of primary radicals. For unimolecular thermal decomposition of initiator com- 
pounds [Eq. (6.3)], R; is given by Eq. (6.11). Inserting it in Eq. (6.23) yielded the corresponding 
expression, Eq. (6.24), for the rate of polymerization. 

A variety of other means, besides thermal decomposition of initiator, can be used to produce 
radicals for chain initiation, such as redox reactions, ultraviolet irradiation, high-energy irradiation, 
and thermal activation of monomers. The expression for R; will be different in each case and 
inserting it into the same equation (6.23) will yield the corresponding expression for the rate of 
polymerization. 


6.4.1 Thermal Decomposition of Initiators 


The most common means of generating radicals is the thermal scission of a compound containing 
a relatively weak bond. It is ideally a unimolecular reaction leading to generation of a pair of 
radicals, as typified by Eq. (6.3), with a first order rate constant ky, which is related to the half-life 
t/2 by Eq. (6.27). It is convenient to use compounds which have bond dissociation energies in the 
range 100-170 kJ/mol, as compounds with lower dissociation energies will decompose too rapidly 
and those with higher energies will decompose only too slowly. The major class of compounds 
with bond dissociation in this range are the organic peroxides. Generally, these may be represented 
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by R-O-O-R’ in which O-O is the peroxide linkage which undergoes scission producing two 
radicals : 
ka 


RO-OR’ —5 RO: +R/O° (6.32) 


Several types of peroxy compounds that are widely used are listed in Table 6.2. The dissociation of 
these compounds occurs by reaction of the same type as shown in Eq. (6.32). Besides peroxides, 
another class of compounds that find extensive use as initiators are the azo compounds. By far 
the most important member of this class of initiators is 2,2’-azobisisobutyronitrile (AIBN) which 
generates radicals by the decomposition reaction : 


CH, CH, i 
.¢—c-n—n-C— ca, ^> mee + N, (6.33) 
CN CN CN 


In spite of the high dissociation energy (~ 290 kJ/mol) of the C-N bond, AIBN undergoes 
facile dissociation because it leads to the formation of very stable nitrogen gas. This initiator has 
a 10-h żıņ2 at 64°C. 

The temperature of an initiator depends on the rate of decomposition as reflected in its half-life. 
A good rule-of-thumb in this regard is a t1;⁄2 of about 10 h at the particular reaction temperature 
(Table 6.2). The practical use temperature ranges of some common initiators are: diacetyl per- 
oxide 70-90°C, dibenzoyl peroxide 75-95°C, dicumyl peroxide 120-140°C, and AIBN 50-70°C 
(Odian, 1991). 


6.4.1.1 Initiator Efficiency 


A significant proportion of primary radicals that are produced by the initiator decomposition in a 
reaction system do not actually react with the monomer to form chain radicals, and the initiator 
efficiency f in Eq. (6.11) usually lies in the range 0.3-0.8. A major cause of this low f is the 
wastage of primary radicals by the so-called “cage” reactions. To illustrate, the decomposition of 
diacetyl peroxide could lead to the following reactions (Rudin, 1982; Odian, 1991): 


CH3COO-OOCCH; = (6.34) 
> 635 
> 630) 
+ M — CHCOOM: (6.37) 


CH3COO°* | — CH3COO* (6.38) 


CH3COO* + M — CH3COOM' (6.39) 
CH3COO* — CH3° + CO2 (6.40) 
CH3° + M — CH3M°* (6.41) 


Here m represents a “cage” (with solvent and/or monomer molecules comprising the cage wall) 
enclosing the primary radical(s). According to the concept of “cage effect”, the radicals formed 
on decomposition of an initiator molecule remain surrounded by the “cage” where they may suffer 
many collisions leading to their recombination [i.e., reverse of Eq. (6.34)] or mutual deactivation 
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Table 6.2 Some Commonly Used Peroxide Initiators for Radical Polymerization 
Temperature 
Type/Example Formula CC) 
for t;2 of 10h 
Diacyl peroxides 
Q it 
: : U 
Diacetyl peroxide CH,—C—O—O—C—CH, 69 
Dibenzoyl peroxide O- C—0—0—C O 72 
(0) 
Dialkyl peroxides 
m CH; 
Di-t-butyl peroxide CH, € Oo—o—C—cCh, 126 
CH, CH; 
q ii 
Di-cumy] peroxide ( ) 
C—O—O—C 117 
Cfo 0 HHO 
CH; CH, 
Peroxyesters o CH, 
j Il | 
t-Butyl peroxyacetate CH,—C—O—O C CH, 102 
CH, 
t-Butyl ci 
peroxybenzoate (C)}—s—o—o—t—cn, 105 
o CH; 
Hydroperoxides Gis 
Cumyl! hydroperoxide (C)-¢-0-0—1 158 
CH; 
Peroxydicarbonates ae O o a 
E ° | J a 
Di-isopropy! peroxy- CH—0—C—0—0—C—0—HC 46 
dicarbonates / \ 
HC CH; 
Ketone peroxides a OOH i CH, 
Methyl ethyl ketone C—O—oO—C 105 
peroxides a / aoda C-H, 
` structures 


Source: Mageli and Kolczynski, 1968. 
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[Eqs. (6.35) and (6.36)] before finally reacting with a monomer molecule contained in the wall of 
the cage [Eq. (6.37)] or diffusing out of the cage [Eq. (6.38)]. Outside the cage, the radical has 
several possibilities of reaction, as shown by Eqs. (6.39)-(6.41). 

The reactions represented by Eqs. (6.37), (6.39), and (6.41) initiate polymerization and so 
represent an effective use of the initiator. However, the reactions of Eqs. (6.35) and (6.36) leading 
to stable products, which cannot generate radicals, amount to loss of initiator molecules. Such 
cage wastage reactions are much more significant than any other in reducing the value of f. 


Problem 6.7 Consider the following scheme of reactions for free-radical chain polymerization initiated by 
thermal homolysis of initiator with cage effect (Jenkins, 1958; Koenig, 1973) : 


cs (P6.7.1) 
Tyg (P6.7.2) 
MSM (P6.7.3) 


R] o iga (P6.7.4) 
birg (P6.7.5) 
kr —> M (P6.7.6) 
Me M: (P6.7.7) 
M+M P (P6.7.8) 


where represents a primary radical within a cage provided by the medium, Q is the stable product of 
reaction between a pair of primary radicals within a cage, M* represents chain radicals having an end group R 
(derived from the initiator), and P is a dead polymer molecule; other species are as defined earlier. Equations 
(P6.7.2) and (P6.7.3) denote, respectively, the reaction of a cage-confined primary radical with its primary 
partner within the cage and with a monomer molecule contained in the wall of the cage, while Eq. (P6.7.4) 
denotes diffusion of the primary radical out of the cage. Reactions (P6.7.5) and (P6.7.6) are analogous to 
(P6.7.2) and (P6.7.3), but refer to the main body of the solution, that is, they are reactions which may occur 
only after (P6.7.4). 


On the basis of the above scheme, derive an expression for the rate of polymerization including the cage 
effect but neglecting chain transfer. 
Answer: 


It should be noted that the rate of reaction (P6.7.2), unlike reaction (P6.7.5), is first order with respect to 
[R] since the primary radicals are necessarily formed in pairs in independent cages. It is also known that 


for all practical values of [M], reaction (P6.7.5) is negligible. The net rate of formation of is thus given 
by (Koenig, 1973): 


d RI = 2ka [l] - k, RJ - k; RJ] [M] - koi[R:] 


For a steady state concentration of [R] d R] /dt = 0. Therefore, 
_ 2ka [I] 
R] ~ E +kp +k [M] (P6.7.9) 
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If reaction (P6.7.6) is fast, the rate of initiation will be given by 


5 
1i 


ko [R] + + [R] m 
[R] (kp + k [M]) (P6.7.10) 


Combination of Eqs. (P6.7.9), (P6.7.10), and (6.23) yields 


a kp + kx [M] 


1/2 
= 1/2 
Rp = e(t) (PA) MM (P6.7.11) 


Comparison of Eq. (P6.7.11) with Eq. (6.24) shows that the polymerization rate is reduced by the cage effect. 


For kp > k,[M] and kp > kr, Eq. (P6.7.11) reduces to Eq. (6.24) for ideal kinetics and negligible cage 
effect. 


Determination of Initiator Efficiency It should be noted that the initiator efficiency is not an 
exclusive property of the initiator, since it may vary to different extents depending on the condition 
of polymerization including the identities of monomer and any solvent used. A number of methods 
can be used for determining the initiator efficiency (Ghosh, 1990; Odian, 1991). 


In one method of determining the initiator efficiency, the initiator fragments occurring as end 
groups in the polymer formed are compared to the amount of initiator consumed. If an initiator 
labeled with radioactive isotope is used, the polymer formed will possess radioactive end groups. 
After polymerization the polymer can be separated and subjected to radioactive analysis to provide 
a sensitive method for determining the number of initiator fragments trapped as end groups in 
polymer molecules, i.e., number of radicals actually used in chain initiation (Bonta et al., 1976; 
Berger et al., 1977). Common examples of isotopically labeled initiators are '+C-labeled benzoyl 
peroxide and other related peroxides, !4C-labeled AIBN and *°S-labeled potassium persulfate. 


A variation of the above method involves both radioactive end-group analysis of the polymer 
and measurement of the polymerization rate (Bevington, 1955). Thus from an assay of the poly- 
mer, it is possible to calculate the number of monomer molecules combined in the polymer for 
each initiator fragment. This number is the kinetic chain length (see Section 6.7.1) independent 
of the mechanism of termination. Dividing the overall rate of polymerization by the kinetic chain 
length one obtains the rate of initiation, which can then be compared with the rate of production 
of radicals from the initiator to obtain the efficiency of initiation. 


Radical scavengers which are capable of stopping chain growth efficiently and rapidly can 
be used for counting of radicals to determine the initiator efficiency. The stable free radical 
diphenylpicrylhydrazyl (DPPH) has been widely used for this purpose (Bonta et al., 1976; Berger 
et al., 1977). The DPPH radical (purple or deep violet), obtained by oxidation of diphenylpicry]- 
hydrazine with PbO, reacts with other radicals to form a nonradical adduct (light yellow or col- 
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orless) : 
O,N O,N 
PN-N NO, + R —> ZORA NO, 
O,N ý ON 
i (@ = C6H5) 2 (6.42) 


The color change associated with the reaction allows one to follow the reaction easily by spec- 
trophotometry. Other radical scavengers have also been used in similar counting of radicals (Co- 
hen, 1945, 1947; Sato et al., 1977). This method of determining f using radical scavengers is, 
however, not very useful as the reaction between the scavengers and radicals is often not quantita- 
tive. 

Probably the most useful method for determination of initiator efficiency is the one based on 
the dead-end effect in polymerization technique which is treated in a later section. Using this 
technique, kinetic data obtained under dead-end conditions can be used to evaluate both kg and f 
under the experimental conditions. 


6.4.2 Redox Initiation 


Free-radicals generated in many oxidation-reduction (or redox) reactions can be used to initiate 
chain poymerization. An advantage of this type of initiation is that, depending on the redox sys- 
tem used, radical production can occur at high rates at moderate (0-50°C) and even lower temper- 
atures. Redox systems are generally used in polymerizations only at relatively low temperatures, 
a significant commercial example being the production of styrene-butadiene rubber by emulsion 
copolymerization of butadiene and styrene at 5-10°C (“cold recipe”). 

A general redox reaction described by 


A-B + X — At + BE + X® (6.43) 


can occur with any molecule AB if the reducing agent X is sufficiently strong to split the A-B 
bond. For practical purposes, the A-B bond in redox systems must be relatively weak and this 
limits the choice of such materials. Some of the common redox systems are described below. 

Water soluble peroxides and persulfates, in combination with a reducing agent such as ferrous 
(Fe**) and thiosulfate (S2037) ions, are a common source of radicals in aqueous and emulsion 
systems. An example of such a redox system has hydrogen peroxide as the oxidant and Fe?* as 
the reductant : 


ki 
HOOH + Fe** —> HO* + OH + Fet (6.44) 


Another redox system commonly used consists of persulfate as the oxidant and Fe?* or S204- as 
the reductant (Rudin, 1982; Odian, 1991): 


-0;S-0-0-S03 + Fet — SO; + SO} + Fet (6.45) 


-0;S-0-0-S03 + S2077 — SO, +SOF + S20; (6.46) 
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An equimolar mixture of K2S20g and FeSO, at 10°C produces radicals about 100 times as fast 
as an equal concentration of the persulfate alone at 50°C. Other redox systems with persulfate 
include reductants such as HSO; and SOz. 

A combination of inorganic oxidant and organic reductant may initiate polymerization by ox- 
idation of the organic component. For example, the oxidation of an alcohol by Ce** (Mohanty et 
al., 1980) proceeds according to the reaction 


a A 
Ce*t + RCH: - OH -4 Ce?t + H+ +R C HOH (6.47) 
and the rate of initiation is 


Ri = ka[Ce**] [alcohol] (6.48) 


The termination of the propagating radicals in the alcohol-Ce** system proceeds according to the 
reaction (Odian, 1991): 


Mat + Cet “5 Cet + Ht + dead polymer (6.49) 


at high ceric ion concentrations and the rate of termination (neglecting the usual bimolecular ter- 
mination mechanism) is given by 


R, = k,[Ce**][M°] (6.50) 


The usual steady-state assumption, R; = R;, then leads to the polymerization rate as 


kpk, 

Rp = ( i £) [M] [alcohol] (6.51) 
$ 

While some redox systems involve direct electron transfer between oxidant and reductant [see Eq. 


(6.47)], others involve the intermediate formation of oxidant-reductant complexes (see Problem 
6.8). 


Problem 6.8 The free-radical polymerization of acrylonitrile initiated by the redox system Mn3*-cyclohexanol 
(CH) was investigated (Ahmed et al., 1978) in aqueous sulfuric acid in the temperature range 30-45°C. The 
following reaction mechanism was suggested which involves the formation of a complex between Mn3* and 
the alcohol that decomposes yielding the initiating free radical, and termination by the mutual combination 

of polymer chain radicals : 


K 
(a) Mn?t + CH = complex 
k 
(b) complex —> R* + Mn2+ + H+ 
k 
(c) Rt + Mn?* —> Mn% + products 
k: 
(d) R*+ M —> Mi’ 
kp 
(e) Mn? + M —> Mmi’ 
k 
(f) Mn? + Mn’ = polymer 


Derive suitable rate expressions for evaluation of rate parameters from measured initial rates of polymeriza- 
tion. 
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Answer: 


Rate of Mn?+ disappearance 


Applying the steady-state principle to the primary radical R°, 


3+ 
[R] = pose (P6.8.1) 
ko[Mn>*] + ki[M] 
For reaction (a), 
[complex] = K [Mn+] [CH] (P6.8.2) 
For total Mn**, 
[Mn?* Jit = [Mn3*] + [complex] 
= [Mn**](1 + K[CH]) (P6.8.3) 
Therefore, 
d[{Mn**}o¢ _ d[complex] _ d[{Mn?*] 
dt 7 dt dt 
= k,K[Mn?*][CH] + k [R *][Mn?*] 
3442 
= k K[Mn?* [CH] + ee ae (P6.8.4) 
ko[Mn3*] + ki [M] 
If ko [Mn°*] >> ki[M], Eq. (P6.8.4) reduces to the form 
d{M 3+ 
= ans 2k; K[Mn>*] [CH] 
2k; K [Mn3* ]tot [CH] 
1 + K[CH] 
= 2k,[Mn°*] (: = cag! (P6.8.5) 
r tot [CH]K +O. 


The values of K and k, can be computed by plotting (-d [Mn? *Ttot / dt) versus 1/[CH] at constant concen- 
tration of total Mn+. From the intercept and the ratio intercept/slope of the plot the rate constant for the 
unimolecular decomposition of the complex (k,) and its formation constant (K) can be calculated (Ahmed et 
al., 1978). 


Rate of polymerization 


Applying the steady-state principle to the growing chains, i.e., equating the rates of reactions (d) and (f), 


ki[R*][M] = k [M]? 


TR: 1/2 
ki [R*][M] (P6.8.6) 
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Substituting for [R*] in Eq. (P6.8.6) from Eq. (P6.8.1) and then inserting the equation in Rp = kp [M*][M] 
yields 


kp k!’ (k; K [Mn?*] [CH] "2 [M]? 


R 
g ki’ (ko [Mn?*] + ki [M])!/2 


(P6.8.7) 


If ko [Mn?+] > k;[M], Eq. (P6.8.7) can be approximated to the form 


kp k!’ (kr K [CH])!"2 [MP2 
aD 


Rp = 


The composite constant kp (kj/ko kr)! can be obtained from the slope of the plot of 
([M} /RŻ) versus 1/[CH], if k- and K are known from Eq. (P6.8.5). 


For fitting experimental rate data, Eq. (P6.8.7) can be conveniently rearranged to the form 


(my exe (=m) J wiz] — 
Rp) — kik, \ICH][M] kok, K ) [Mn°*] [CH] 


This equation can be used to evaluate rate parameters using the initial rate of polymerization (Rp) data that 
may be obtained from the initial slope of the conversion vs. time plots. Since k, and K are obtained from 
Eq. (P6.8.5), the value of the composite constant kp (ki /Ko ky)! 2 can be obtained from the intercept of a plot 
of ([M]/R ay against 1/ [Mn? +] at constant concentration of the monomer [M] and the reducing agent [CH]. 


kl’? 


The slope gives the parameter kp / while the quotient of intercept and slope yields ko/k;. 


6.4.3 Photochemical Initiation 


Chain-growth polymerization of vinyl monomers can be initiated by exposure to ultraviolet (UV) 
or visible light generating free radicals by photochemical reaction. An obvious advantage stem- 
ming from this method is the avoidance of chemical contamination by initiator residues. Another 
advantage which has considerable practical significance is that photochemical initiation (or sim- 
ply photoinitiation) and polymerization can be spatially controlled to occur only in specific regions 
and the process can be turned on or off simply by turning the light on or off. Photopolymeriza- 
tion thus finds extensive use in photolithography and photocuring of paints, adhesives, and inks. 
Common examples of photoinitiation can be considered under two main categories: (a) direct 
photoinitiation and (b) sensitized photoinitiation. 


6.4.3.1 Direct Photoinitiation 


There are many examples of monomers which undergo chain polymerization by direct exposure 
to ultraviolet or visible light. Thus, the absorption of light photons of a specific wavelength by a 
monomer M may yield an electronically excited molecule M*, which subsequently decomposes 
to produce radical fragments 


M + hy => M => R +R? (6.52) 


For example, both alkyl vinyl ketone and vinyl bromide monomers dissociate when irradiated with 
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ultraviolet light (300 nm) by the following reactions : 


O 


| hv II (6.53) 
CH) =CH-Br “3 Br + CH, =CH* (6.54) 


The free radicals thus generated from some monomer molecules initiate radical chain polymeriza- 
tion in the remaining monomer. 


6.4.3.2 Photosensitization 


Even if direct light absorption by monomer as described above does not occur, polymerization can 
still be initiated by the use of photosensitizers. Being highly photosensitive, a photosensitizer (S) 
gets readily activated on exposure to light to the excited state S* : 


hy 
S — s* (6.55) 


which then dissociates to produce chain-initiating radicals [Eq. (6.56)] or transfers energy to 
monomer or initiator to form the corresponding excited states [Eq. (6.57)]. The excited species 
thus formed may undergo homolysis to produce chain initiating radicals [Eqs. (6.58)-(6.59)]: 


S* — R+ R” (6.56) 
S* +M (orl) — S+M* (or I*) (6.57) 
M* (or I*) —> R* + R” (6.58) 


The same substances that are used as thermal initiators (I), e.g., azo compounds and peroxides, 
are also used often as photosensitizers. However, many other substances can be used as pho- 
tosensitizers even though they do not undergo thermal dissociation to act as thermal initiators. 
Benzophenone and acetophenone and their derivatives are examples of such substances most com- 
monly used as photosensitizers. When irradiated, these ketones undergo fragmentation generating 
radicals. For example, benzophenone dissociates as 


O O O 
I i i \* iI 

b-c—p = (g-C-) —> gc + o 

(@ = CoHs-) (6.59) 


Irradiation in the presence of a hydrogen donor (RH) leads to the production of radicals by hydro- 
gen abstraction: 


O O gs 
U II * : 

b—C- M (o-C-6) KE gC +R 

($ = CoHs-) (6.60) 


This reaction is generally more efficient than direct fragmentation [Eq. (6.59)] and occurs at higher 
wavelength (i.e., lower energy) radiation, which is advantageous in many applications. Amines 
with a-hydrogens are the most efficient and commonly used hydrogen donors. 


310 Chapter 6 


6.4.3.3 Rate of Photoinitiated Polymerization 


In photochemistry, a mole of light quanta is called an Einstein. Thus an Einstein of light quanta of 
frequency v or wavelength A has energy Nayhv (or Nayhc/A), where Nay is Avogadro’s number, h 
is Planck’s constant, and c is the speed of light. The rate of photochemical initiation may then be 
expressed (Ghosh, 1990) as 


Ri = 201, (6.61) 


simply by replacing kg [I] of Eq. (6.11) with Jy, the intensity of absorbed light in moles (Einsteins) 
of light quanta per liter per second, and replacing f with ® for photochemical polymerization. The 
factor of 2 in Eq. (6.61) is used only for those photoinitiating systems in which two radicals are 
produced per molecule undergoing photolysis [cf. Eqs. (6.55)-(6.59)]. Referred to as the quantum 
yield for photoinitiation, ® may be defined as the ratio of the rate of chain initiation to the rate of 
light absorption; ® is thus equivalent to f in thermal initiation [Eq. (6.11)], and both describe the 
fraction of radicals that are actually used in initiating chain polymerization. As in the case of f, the 
maximum value of ® is 1. Substituting for R; in Eq. (6.23) from Eq. (6.61) gives the expression 
for the rate of photopolymerization as 


Rp = kp[M] (®la/k)'? (6.62) 


Problem 6.9 Methyl methacrylate is polymerized in 10% w/v solution using a photosensitizer and 3130 

ight from a mercury arc lamp. Direct measurement by actinometry shows that light is absorbe the 
A light fi y lamp. Di by acti ry sh hat light is absorbed by th 
system at the rate of 1.2x10° ergs/L-s. If ® for the system is 0.60, calculate (a) the rate of initiation and (b) 
the rate of polymerization. kp/kh’? at 60°C= 0.102 L!/? mol! st? J 
Answer: 
(6.63 x 10-27 erg s)(3x 10! cm s7!) 

(3.13 x 1075 cm) 

= 635x107? erg 


Energy of 1 photon(hc/A) = 


Energy of 1 mol of light quanta 


(6.02 x 1073 quanta mol7!)(6.35 x 10712 erg quantum7!) 
3.82 x 101? ergs mol! 


Ia = (1.2x 105 ergs L7!s~!)/(3.82 x 10!2 ergs mol7!) = 3.14 1078 mol L7! s7! 
[M] = (100 gL7!)/(100 g mol“!) = 1.0 mol L7! 
(a) Ri = 201, = 2x0.6(3.14x 10-8 mol L7!s7!) = 3.77x1078 mol L7! s7! 


(b) Rp = (kp/kP) IM] R2! 


= (0.102 L! mol-!? s71/2) (1.0 mol L~!)(3.77x 10-8 mol L! s-!)!" /y2 


= 1.40x10-> mol L7! s7! 
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Unless very thin reaction vessels are employed for photopolymerization or the absorption of 
light is very low, the intensity of the absorbed light, Z4, will vary with thickness of the reaction 
system. From Lambert-Beer’s law, 


I = hel (6.63) 


where /, is the incident light intensity, 7 is the light intensity at a distance f into the reaction 
vessel, [S] is the concentration of the species S that absorbs light, and € is the molar absorption 
coefficient or molar absorptivity (molar extinction coefficient) of S at the particular wavelength of 
light absorption. The light intensity absorbed, 74, is then given by 


l = h-I = (1 - e7) (6.64) 


where f now represents the thickness of the reaction vessel. An expression for the photopolymer- 
ization rate can be obtained by combining Eq. (6.64) with Eqs. (6.62) to yield (Odian, 1991): 


© (1 - “iy (6.65) 


Rp = kp[M] | i, 
[Note that to ensure dimensional consistency of Eq. (6.65), it is necessary to convert light intensity 
h into the units of moles (Einsteins) of light quanta per liter per second.] If the exponent in Eq. 
(6.65) is small (as for dilute solutions), the exponential can be expanded, e™ = 1 —x+---, keeping 
only the leading terms to give 
el, [S]¢)'” 
R, = kp[M] [1] (6.66) 
kr 
Thus for the case where there is negligible attentuation of light intensity in traversing the reaction 
vessel, the photopolymerization R, is first order in [M], l-order in light intensity, and 5-order in 
[S]. If polymerization is initiated by photolysis of initiator I into a pair of radicals, Eqs. (6.65) 
and (6.66) can be used with [S] substituted by [I]. However, when the photoexcitation involves 
monomer, i.e., S is M, Eq. (6.66) becomes (Ghosh, 1990): 


(6.67) 


that is, the dependence of Rp on [M] becomes 3/2-order. It should be noted, however, that abnormal 
orders in [M] have been found under certain circumstances (as when M acts as a quencher). 


6.4.4 Initiation by High-Energy Radiations 


Alpha particles, beta rays (electrons), gamma rays, or high-velocity particles from a particle accel- 
erator have particle or photon energies in the range 10 keV—100 meV, which are much higher than 
the range of energies (2—6 eV) of visible-ultraviolet photons used in photo-initiated free-radical 
polymerizations. So practically any monomer that polymerizes by a free-radical mechanism can 
also be polymerized by these radiations. However, as a consequence of the higher energies of 
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these radiations, the substrate species S, on excitation, may also suffer ionization by ejection of 
electrons : 


S + radiation —> S* + e (6.68) 


A series of reactions, such as splitting of the cations [Eq. (6.69)], absorption of electrons by 
cationic species [Eq. (6.70)] or neutral species [Eq. (6.71)] to form radicals or anions, respectively, 
and anion splitting to form radical [Eq. (6.72)] and radical plus electron [Eq. (6.73)], may then 
take place: 


St — R' + At (6.69) 
At+@e oA (6.70) 
S+ 2° oS (6.71) 
S7 — R" + B (6.72) 
BD > B+e (6.73) 


Thus, high-energy irradiation of either a pure monomer or a solution of a monomer generates both 
free radicals and ions. Polymerization may therefore proceed by radical or ionic mechanism or 
combinations thereof, depending on prevailing conditions. 

Gamma radiation is the most convenient type of high-energy radiation for initiating polymer- 
ization. Its high penetrating power affords uniform irradiation of the system and solid monomers 
can be polymerized, thus allowing polymerization of many monomers at low temperatures. How- 
ever, due to higher costs and safety problems of ionizing radiation sources, compared to photo- 
chemical sources, radiation-induced polymerization has achieved far less commercial success than 
photochemical polymerization. 


6.4.5 Thermal Initiation in Absence of Initiator 


A few monomers, even in a highly purified state, are known to undergo self-initiated polymer- 
ization when heated in an inert atmosphere in the absence of an initiator or catalyst. Styrene, for 
example, undergoes such thermal, self-initiated polymerization at temperatures of 100°C or more. 
Methyl methacrylate also exhibits this behavior, though at a slower rate. [Note that for most other 
monomers a spontaneous polymerization observed in the absence of any added initiator is often 
due to the presence of peroxides or hydroperoxides (formed by the reaction of monomer with O2) 
which generate radicals by thermal homolysis.] The rates of thermal, self-initiated poymerizations, 
though much slower than the corresponding polymerizations initiated by the thermal homolysis of 
an initiator, are not negligible and must be taken into account in any polymerization conducted 
at a temperature at which self-initiation is significant. Thus, at very low initiator concentrations, 
self-initiation makes an appreciable contribution to the polymerization rate for styrene. 

The mechanism of self-initiation in thermal polymerization of styrene has been shown (Barr et 
al., 1978) to involve the formation of a Diels-Alder dimer (I) of styrene [Eq. (6.74)] followed by 
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the transfer of a hydrogen atom from the dimer to a styrene molecule [Eq. (6.75)]. The existence 
of the dimer has been confirmed by UV spectroscopy. 


2H,C=CH 
(6.74) 
H n 
(1) 
H»C=CH H;C-CH 
a — + (6.75) 
H oh Ph 


Problem 6.10 There is evidence (Barr et al., 1978) that thermal self-initiated polymerization of styrene 
may be of about five-halves order. Show that this is in agreement with the established initiation mechanism 
involving a Diels-Alder dimer formation [Eqs. (6.74) and (6.75)]. 


Answer: 


The higher than second-order rate observed for thermal conversion of monomer indicates that Eq. (6.74) is 
the slow step. Representing the concentration of Diels-Alder dimer (I) by [D] and that of styrene by [M], 


Ri = ki[D][M] = ki KIM}? 


where K is the equilibrium constant for the reaction of Diels-Alder dimer formation [Eq. (6.74)] and k; is the 
rate constant for the initiation reaction [Eq. (6.75)]. 


Using steady-state approximation (R; = R;), 


2 3 kiK\'? | an 
KIMP = & KEMP = [M7] =(*) Mi 
t 
Substituting this into Eq. (6.22) gives 


ky K \¥? 
Rp = kp [Mp (=) 
t 


showing five-halves order in monomer concentration. 


6.5 Dead-End Polymerization 


If the initiator concentration used in a free-radical polymerization system is low and insufficient, 
leading to a large depletion or complete consumption of the initiator before maximum conversion 
of monomer to polymer is accomplished, it is quite likely to observe a limiting conversion pæ 
which is less than the maximum possible conversion p,, as shown in Fig. 6.2. This is known as 
the dead-end effect and it occurs when the initiator concentration decreases to such a low value 
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Figure 6.2 Schematic representation of dead-end effect in radical polymerization showing a limiting con- 
version (Pœ) of monomer to polymer. Injection of the initiator in adequate amounts in the system at time 
tı immediately causes formation of more polymers up to a maximum conversion (pec) corresponding to the 
equilibrium monomer concentration [M]e. (After Ghosh, 1990.) 


that the half-life of the kinetic chains approximates that of the initiator. However, if there is au- 
toacceleration effect or gel effect (described later) leading to a sharp rise in rate of polymerization, 
viscosity of medium, and degree of polymerization, pure dead-end effect cannot be observed. 

Recalling Eq. (6.31) for radical chain polymerization initiated by thermal homolysis of an 
initiator : 


kp ) (£0) at 
-In(l-p) = a(i) F ) (1 — ea") (6.76) 


where p is the fractional extent of monomer conversion at time ¢ and [I], is the initial concentration 
of the initiator, let pœ be the limiting conversion attained at long reaction times (t — oo). Equation 
(6.76) then becomes 


Ilo 1/2 
-In(1= ps) = x (A 1 ) (6.77) 


Dividing Eq. (6.76) by Eq. (6.77) and taking logarithm yields (Ghosh, 1990): 
Indl — kat 
Inf - R P = =% (6.78) 
In(I = Poo) 2 
A plot of the left side of Eq. (6.78), which is equivalent to the expression 
In[(n[M].o — In[M])/(n[M],. — In[M],)], versus time (t) permits evaluation of kg (see Problem 
6.11). Once kg is determined, f can be obtained from either Eq. (6.24) or (6.77) using the value of 
kp/k} ? available from other studies. The thermal dissociation rate constants and activation energy 
values for several commonly used initiators are listed in Table 6.3. 
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Table 6.3 Thermal Decomposition Parameters of Some Initiators 
Initiator Solvent T°C kax10° Eq 


2,2’-Azobisisobutyronitrile Styrene 50 0.297 127.6 
Benzene 50 0.216 


Benzoyl peroxide Styrene 75 1.83 

Benzene 75 1.48 128.0 
Lauroyl peroxide Styrene 60 1.20 

Benzene 60 1.51 127.2 
2,4-Dichlorobenzoyl peroxide Styrene 49.4 2.39 

Benzene 50 1.08 117.6 


The units of kg are s~! and those of Eg are kJ / mol. 
Source: Brandrup et al., 1999. 


Problem 6.11 Isoprene was polymerized in bulk at several temperatures using AIBN at an initial concen- 
tration of 0.0488 mol/L in dead-end polymerization experiments (Gobran et al., 1960). In every case, the 
conversion increased with time until a limiting value was obtained beyond which no further polymerization 
was observed. No autoacceleration effect was observed in this system. The data of fractional degree of con- 
version (p) with time, including the limiting value of conversion (Pæ), determined at each temperature are 
shown in the table below : 


7 

0.100 
0.172 
0.202 
0.240 
0.290 
0.305 
0.305 
0.305 


Source: Data from Gobran et al., 1960. 


Determine the kinetic parameters ky and (kp / kl / 2) f'? for isoprene-AIBN system and the activation energy 
of the initiator dissociation. 


Answer: 


The left side of Eq. (6.78) is plotted against time ¢ in Fig. 6.3 using the conversion-time data of the isoprene- 
AIBN system. The slope of the linear plot yields ky/2, and hence ky, of AIBN in isoprene. (kp / kl / 2) f 1/2 iş 
then calculated from Eq. (6.77). This yields 


Temperature (°C) ka, s7! kp/k!” fi? x 10°, L!? mol7!/2 5-1/2 


60 8.54x10-° 3.27 
70 3.08x107> 4.94 
80 9.841075 8.17 


It is possible to calculate f from the above values of (kp/ky / 2) f 1/2 if kp/ky [2 is known from other studies. An 
Arrhenius plot of the kg values as —Inky vs. 1/T yields from the slope, Eg = 122.6 kJ mol™!. 
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6.6 Determination of Absolute Rate Constants 


Three different types of rate constants are used in ideal polymerization kinetics described by Eq. 
(6.24), namely, those for initiation (ką), propagation (kp), and termination (k+). Till now we have 
discussed only polymerization kinetics under steady-state conditions and how these allow eval- 
uation of kg (see Dead-end polymerization) and the ratio kplkt or K? Iki (but not kp and k, in- 
dividually) using measurable quantities like Rp, R;, and [M]. As we shall see below, employing 
nonsteady-state polymerization with photoinitiation and intermittent illumination (Flory, 1953; 
Walling, 1957), it is possible to evaluate k,/k; so that by combining it with kp/kt! obtained from 
steady-state experiments, one can determine kp and k; individually. 


6.6.1 Nonsteady-State Kinetics 


The radical concentration is zero at the very start of the polymerization and reaches the steady- 
state level only after a finite time. During this intervening nonsteady period, the rate of change 
of the concentration of radicals will be given by the difference of the rates of their formation and 
termination, i.e., 


d([M°] 
dt 


= R,-R, = Ri-2k[M:} (6.79) 


The advantage of photoinitiation lies in that the generation of radicals can be commenced (or 
stopped) instantly by turning on (or off) light to the polymerization cell and, moreover, time needed 
for temperature equilibration (when thermal initiators are used) can be avoided. Using Eq. (6.61) 
for the rate of photoinitiation, Eq. (6.79) becomes 


d[M°]/dt = 201, —2k,[M*]? (6.80) 
At the end of nonsteady period, d [M° ]/dt = 0, and Eq. (6.80) leads to 


201, = 2k; [M*]? (6.81) 
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where the subscript s denotes steady-state condition. Using Eq. (6.81), Eq. (6.80) may be written 
as (Odian, 1991): 
d([M°] 
dt 


= 2k, ([M*]; — [M*}’) (6.82) 


For mathematical convenience, Flory (1953) defined a new parameter Ts, called the average 
lifetime of a growing radical under steady-state conditions, as 


No. of radicals present at steady state 


a No. of radicals disappearing per unit time at steady state 
M° 1 
Sa e (6.83) 
2k; [M°* ]; 2k; [M" ]s 


Multiplying both the numerator and denominator of Eq. (6.83) by k,[M], Ts is more conveniently 
expressed as (Ghosh, 1990; Odian, 1991): 
kp[M] kp [M] 


5 = Je [MIM ~ 2k (Rps meN 


As shown below, using intermittent illumination for photoinitiated radical chain polymerization, 
the parameter T; can be evaluated. Since [M] and (Rp)s are measurable, determination of Ts leads 
to the evaluation of kp/k; from Eq. (6.84) and thence to individual k, and k, values, by combining 


with kp Ik; obtained from steady-state measurements. 
Integration of Eq. (6.82) yields (Flory, 1953; Ghosh, 1990; Odian, 1991): 


l [$ + [M*]/[M*]s) 
n 


l = 4k[M'’'](t-h 6.85 
a] [MJE =h) oe) 


where t, enters as a constant of integration such that [M°] =0 att = to. 
Since tanh7! u = (1/2) ln[(1 + u)/(1 — u)], combining Eqs. (6.83) and (6.85) one may write 


Mie 
MI) r 


tanh! ( (6.86) 


The ż in these equations may be identified with the duration of the illumination. 


Problem 6.12 Typical ts values determined from photoinitiated radical chain polymerization with inter- 
mittent illumination are in the range 0.1-10 s. Calculate from this the duration of the nonsteady-state period 
and comment on the validity of steady-state assumption made in radical chain polymerization. 


Answer: 
[M']o = 0 att = 0. Therefore, tọ = 0. 


MT TER = 


For a steady-state condition, assuming, for example, 99.9999% attainment of the steady-state radical con- 
centration, t/t; = 7. Thus the time required for [M*] to reach its steady-state value is 70, 7, and 0.7 s, 
respectively, for Ts values of 10, 1, and 0.1 s. The time required to reach the steady-state condition is thus 
negligibly small compared to the time for a typical polymerization study. This shows the validity of the 
steady-state assumption. 


From Eq. (6.86), 
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U 
= 
co 


Radical concentration 


Radical concentration 


Figure 6.4 Schematic representation of variation of chain radical concentration [M*] over (a) cycles of long 
illumination period (t) and dark period (¢’) and (b) cycles of short (intermittent) illumination period (t) and 
dark period (t’). (After Ghosh, 1990.) 


Now suppose the polymerization is being conducted with intermittent illumination, that is, 
with alternate light and dark periods (Ghosh, 1990). Initially the radical concentration [M° ] is 
zero and it builds up in the period of illumination till it reaches a steady-state value [M° ]s, as 
shown in Fig. 6.4(a). If the light source is switched on and off and held for long but equal time 
periods of light (t) and darkness (t’), the radical concentration will alternately build up from zero 
to [M°];, the steady-state value, and decay from [M° ]; to zero with the repetition of the sequence 
t and ¢’ of illumination and darkness, respectively [Fig. 6.4(a)]. The intensity of illumination is 
I, during ¢ and zero during t’ with short zones of transition in between. The radical concentration 
during illumination essentially corresponds to J), but radicals are present only half of the time in 
intermittent illumination and hence the average rate of polymerization (Rp) observed is actually 
one-half of the rate (Rp)s, that would be observed for the same intensity on the basis of continuous 
illumination. Thus for slow blinking, Rp/(Rp)s = 1/2. 


At high blinking frequency, that is with very short but equal light and dark periods [Fig. 6.4(b)], 
even if one starts with [M° ] = 0 at the beginning of the first light period, the radical build up [curve 
OAE in Fig. 6.4(b)] is interrupted due to stoppage of light even before the radical concentration 
reaches [M°], (at point E). [M° ] reaches a value, say, [M° ]; which is less than [M° ];. The decay 
of radical concentration from the [M°]; value begins immediately thereafter as the dark period 
commences. However, since the dark period (t’) is short, radical concentration does not decay to 
zero, but drops to a minimum value, say, [M ° ]2 > 0 and starts rising as the illumination is on again. 
With frequent blinking, the concentration of radicals thus alternates between [M° ]; and [M° ]2 as 
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the system passes through the end of a light period to the end of a dark period in successive cycles 
of illumination and darkness [see Fig. 6.4(b)]. 

With continuing increase in the frequency of blinking, the difference between [M°]; and 
[M°*]2 will be smaller and smaller till in the limiting case of very fast blinking the radical con- 
centration would reach a constant or plateau value, [M° ]c, below the steady value, [M° ]s. This 
constant value [M° ]. would effectively be that corresponding to a continuous illumination of inten- 
sity J,/2, because only 50% of the irradiation is received by the system on the average (considering 
both light and dark periods). It then follows from a combination of Eqs. (6.21), (6.61), and (6.64) 
that [M° ]. will be proportional to (/,/2)'”. Since the rate of polymerization is proportional to the 
concentration of radicals [cf. Eq. (6.22)], the average rate of polymerization (Rp) for very fast 
blinking will thus be proportional to (J,/2)'*. This may be compared with Eq. (6.66) for steady 
conditions under continuous illumination (i.e., no blinking), indicating that (Rp)s œ (p). 

According to the analysis and consideration detailed above for photoinitiated polymerization, 
it may now be concluded that R, or [M° ] can be varied by varying the frequency of blinking. 
Under otherwise comparable conditions, the average rate (Rp) at different flashing conditions with 
the same J, is related to the steady-state rate (Rp)s as 


(Rp) 1 st 
R) ane (for slow blinking) (6.87) 
p)s 
(Rp) 1 aca 
and ey FR (for very fast blinking) (6.88) 
p)s 


For unequal light and dark periods such that t’ = rt, i.e., the dark period is r times longer 
than the period of illumination in all successive cycles (note that r = 1 for the systems considered 
above), the expressions for the relative rates may be written, in general, as : 


Be = 3 = (for slow blinking) (6.89) 

p)s a 

(Rp) = : fi fast blinki 6.90 

R GDE (for very fast blinking) (6.90) 
D)s 


Considering, as an example, a case where the ratio (r) of the length (t’) of the dark period to 
the length (t) of a light period is 3, the relative polymerization rate equals 1/4 for slow blinking 
and 1/2 for very fast blinking. Thus the average rate (Rp) increases from 1/4 to 1/2 of the steady- 
state rate (Rp), as the cycle time (time for one light period and one dark period) decreases from 
a much higher value to a much lower value in comparison with the average lifetime of a growing 
chain (Ts), or as the frequency of blinking, 1/(t + rt), increases from a much lower value to a much 
higher value in comparison with 1/T;. 

As explained above, in relation to Fig. 6.4(b), the radical concentration, after a number of 
cycles, will oscillate between two constant values, namely, [M° ]; at the end of time t of each light 
period and [M°] at the end of time t’ (= rt) of each dark period (Brier et al., 1926). Considering 
the first light period, if [M°] = 0 at t = 0, then from Eq. (6.86), t = 0; but for [M°*] = [M°*]2 >0 
at the beginning of light period (t = 0), Eq. (6.86) yields 


t/t; = tanh”! ([M*]o/[M*],) (6.91) 
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and hence 
tanh! ([M*]/[M*]s) — tanh! ([M*]2/[M*];) = t/t; (6.92) 


At the end of light period t, [M°] = [M°*], [see Fig. 6.4(b)] and Eq. (6.92) becomes 


tanh“! (EEH) ~ tant! (ER) 2 - (6.93) 


On the other hand, during the dark period radical decay occurs according to 
d(M*]/dt’ = 2k, [M]? (6.94) 


which on integration, with [M°] = [M°*], att’ =0, yields 


- = 2kt’ 6.95 
MI Mh m 10:28) 


Multiplying Eq. (6.95) through by [M° ]s and combining with Eq. (6.83), 


[M] [Mt] o r 
MI Mi © 5 P 


Since t’ =rt and [M°] =[M°] atthe end of dark period t’, one obtains from Eq. (6.96), 


Mh [Mt] _ rt 


M' [Mth Ts 


(6.97) 


Equations (6.93) and (6.97) permit evaluation of the maximum and minimum radical concentration 
ratios [M*]; /[M" ]s and [M°]2/[M°], for given values of r(= t’/t) and t /Ts. The average radical 
concentration [M° ] over a cycle of light and dark periods is given by (Ghosh, 1990) 


[M°] = (f Mar + [Co ia) e+ (6.98) 


The value of [M° ] in the first integral covering the period of illumination is obtained from Eq. 
(6.92) and that in the second integral covering the dark period is obtained from Eq. (6.96). Evalu- 
ation of the integrals yields the following expression (Noyes and Leighton, 1941; Ghosh, 1990): 


M`] 1 [i (S) (ET EET) 


= I+ [M] /M"]; 


[M*]; (+r) Oe) 


t 


Using this equation, for a given ratio (r) of dark period to light period, values of [M*]/[M°]; 
or (Rp) /(Rp)s may be calculated for different assumed values of t/t;. A semilog plot of relevant 
data for r = 3 is shown in Fig. 6.5. The plot shows that the average radical concentration falls 
from one-half of the steady-state value for fast blinking (low t/t;) to one-fourth of the same for 
slow blinking (large t/t;), in full conformity with Eqs. (6.89) and (6.90). 

A rotating sector method is conveniently used for the determination of Ts value. The name is 
derived from the fact that a rotating disc from which a sector-shaped portion is cut out is used. 
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Figure 6.5 Semilog plot of [M°*]/[M°]; 
0.01 0.1 10 10 100 1000 versus t/t; for r = 3. (Adapted from Math- 
t/Ts eson et al., 1949.) 


It is interposed between the system and the source of light to cause periodic interruption of the 
light. The cut out portion determines the value r. (For example, a rotating sector with 1:3 opening 
corresponds to r = 3.) The blinking frequency as well as ¢ and t’ are determined by the speed of 
sector rotation. The polymerization rate is conveniently determined by dilatometric technique (p. 
321). The rate measured with the rotating sector present is the average polymerization rate (Rp) 
while that measured without the sector present is the steady-state rate of polymerization (Rp)s. 

A number of rate ratios (Rp)/ (Rp)s are obtained for a given sector ratio (r) by varying the 
sector speed and hence ¢. The rate ratios are then plotted against logt. The theoretical curve for 
the same r value, such as the one shown in Fig. 6.5 for r = 3, is placed above the experimental 
curve and moved along the abscissa until a best fit is obtained. The required displacement of one 
curve relative to the other along the abscissa gives the value of log Ts. This is obvious from the fact 
that the theoretical curve represents (logt — log Ts). 

Evaluation of Ts allows calculation of k,/k; from Eq. (6.84) and combining the latter with 
kp/k} ? obtained from Eq. (6.24) by measuring polymerization rates under steady-state conditions, 
the absolute rate constants kp and k; can be evaluated individually. Table 6.4 lists the kp and k, 
values and the corresponding activation energies for some common monomers. 

Similar in principle to the aforesaid rotating sector method is a method known as “spatially 
intermittent polymerization” (O’ Driscoll and Mahabadi, 1976). It uses a tubular glass reactor en- 
cased in a metal tube that has regularly spaced slots to provide alternating light and dark segments. 
A solution of monomer and initiator (or photosensitizer) is passed through the reactor so that it 
polymerizes effectively under periodic exposure to light. 


6.7 Chain Length and Degree of Polymerization 


Let us now examine if the chain length or degree of polymerization (DP,,) of a polymer product can 
be calculated from the measured rate of polymerization coupled with a knowledge of the relevant 
kinetic parameters. 


6.7.1 Kinetic Chain Length 


The average number of monomer molecules converted into polymer per radical is known as the 
kinetic chain length (v). This quantity is thus given by the ratio of the rate of propagation (Rp) to 


322 Chapter 6 


Table 6.4 Some Values of Propagation Rate Constant, kp, and Termination 
Rate Constant, k;, and Activation Energies in Radical Chain Polymerization 


Monomer kp X10 Ep ky x 107 E; 
Methyl acrylate (60°C) 1.97 29.7 9.91 22.2 
Acrylonitrile (60°C) 

(Solvent: DMF) 1.96 16.2 78.2 15.5 
Methyl methacrylate (60°C) 0.290 26.4 2.1 11.9 
poi chloride (50°C) 

(Solvent: THF) 12.38 16 85.5 17.6 
Vinyl acetate (50°C) 1.5-2.6 18 2.5 21.9 
Styrene (60°C) 0.187 26 2.9 8.0 
Ethylene (83°C) 

(Solvent: Benzene) 0.47 18.4 105 1.3 
Acrylamide (25°C) 

(Solvent: Water) 18.0 - 1.45 - 


kp and k; values have the units of L mol`! s~!. The units of Ep are kJ/mol of 
polymerizing monomer and those of E, are kJ / mol of propagating radicals. 


Source: kp and k; values are from Brandrup et al. (1999); E, and E, values 
are from Odian, 1991. 


the rate of initiation (Rj), i.e., v= Rp/Ri. Using Eq. (6.20) for the steady-state condition, Eq. (6.12) 
for Rp and Eq. (6.19) for R;, one can write (Rudin, 1982; Odian, 1991): 


v = R,/R; = R,/R kp[M] (6.100) 
OO POOO cake Cis l 
Elimination of [M° ] with the help of Eq. (6.12) then gives 
kp (MP 
p 
— — 6.101 
2k; Rp ( ) 


For polymerization initiated through radicals, generated by thermal decomposition of initiator, 
Eq. (6.24) may be combined with Eq. (6.101) to give an alternative expression for v : 
[M] 


= kp 
= oele oe 


This equation shows that the chain length of polymer is directly proportional to the monomer 
concentration and inversely proportional to the square root of the initiator concentration. Thus a 
four-fold increase in initiator concentration would result in halving the size of polymer molecules, 
though the rate of polymerization [Eq. (6.24)] would be doubled by this change in initiator con- 
centration. 


Problem 6.13 In peroxide-initiated polymerization of a monomer, which follows the simple kinetic scheme 
represented by Eq. (6.24), it is desired to double the initial steady rate of polymerization without changing 
the molecular weight. How could this be achieved by altering the initial concentrations of the monomer and 
the initiator (Rudin, 1982) ? 
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Answer: 
From Eq. (6.24), 


[M]> [157 2[M]; H]? 
o [Mh/M: = 207/0 (P6.13.1) 


From Eq. (6.102), since there is no change in y, 


[M] / 0] 
MERIKE (P6.13.2) 


[M]2/ 0} 
or [M]>/[M] 


From Eqs. (P6.13.1) and (P6.13.2), [I2/H@]; = 2: 1. Therefore, [M]2/[M]; = V2: 1 


6.7.2 Mode of Chain Termination 


The number-average degree of polymerization DP, of the polymer product formed by bimolecular 
termination is related to the kinetic chain length. Thus if the propagating radicals terminate by 
coupling or combination [Eq. (6.13)], the resulting dead polymer molecule will be made of two 
kinetic chain lengths, that is, 


DP, = 2v (6.103) 


In this case, there will be an initiator fragment at each end of the polymer molecule. On the other 
hand, if the termination occurs by disproportionation [Eq. (6.14)], the dead polymer molecules 
formed will be made of one kinetic chain each, that is, 


DP, = v (6.104) 


In this case, the polymer molecule will have an initiator fragment only at one end. So, if termi- 
nation takes place by both coupling and disproportionation, the number of initiator fragments per 
polymer molecule will be between | and 2. 


Problem 6.14 For a radical chain polymerization with bimolecular termination, the polymer produced has 
on the average 1.60 initiator fragments per polymer molecule. Calculate the relative extents of termination 
by disproportionation and by coupling, assuming that no chain transfer reactions occur. Derive first a general 
relation for this calculation. 


Answer: 

Let 

n = number of propagating chains 

€c = fraction of propagating chains terminating by coupling 

l—é&c = fraction of propagating chains terminating by disproportionation 
b = average number of initiator fragments per polymer molecule 


Number of polymer molecules formed = be 


+n — éte) 
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Total number of initiator fragments 


b = 

Total number of polymer molecules 
2 
= Í = (P6.14.1) 
n€tc/2 + n(1 — érc) 2 - Ec 
Rearranging, one can write (Ghosh, 1990; Odian, 1991): 
€&c = (2b-2)/b (P6.14.2) 
(l-&) = (2—b)/b (P6.14.3) 


For the given problem, 


From Eq. (P6.14.2): fraction of coupling = (2x1.60 — 2)/ 1.60 = 0.75 
From Eq. (P6.14.3): fraction of disproportionation = (2 — 1.6)/1.6 = 0.25 


If b is the average number of initiator fragments per polymer molecule and ¢&¢ is the fraction of 
propagating chains which undergo termination by coupling, the two being related by Eq. (P6.14.1), 
the number-average degree of polymerization DP, will then be related to the kinetic chain length 
v by 


na 2 
DP, = ( J (6.105) 
2 = &e 
Combining Eqs. (6.101) and (6.105) one obtains 
A 1 k MÊ 
DP, = p [MI (6.106) 


(2 — &c) ke Rp 


Though the termination of propagating chains occurs predominantly by coupling, varying ex- 
tents of disproportionation are observed depending on the monomer and the reaction conditions 
employed. 


Problem 6.15 Using carbon-14 labeled AIBN as the initiator, a sample of methyl methacrylate was poly- 
merized at 80°C to an average degree of polymerization of 1.5x10°. Measured in a scintillating counter, the 
AIBN showed an activity (per mol) of 9.1x107 counts per minute. If 1.0 g of the poly(methyl methacrylate) 
had an activity of 337 counts per minute in the same scintillating counter, what was the mode of termination 
in methyl methacrylate at 80°C ? 


Answer: 
Mer weight of methyl methacrylate = 100; moles of mers in 1.0 g poly(methyl methacrylate) = 107°. 


1 mol of AIBN = 9.1x10’ counts min™!. Therefore, 337 counts/min = 337/(9.1 x 10”) or 3.70 x 1076 mol 
AIBN = 7.4x 1076 mol chain radicals, since 1 mol of AIBN gives rise to 2 moles of chain radicals (assuming 
100% initiator efficiency). 


Let x fraction of chain radicals terminate by coupling and (1 — x) fraction by disproportionation. There- 
fore 1 mol of chain radicals give rise to 0.5x + (1 — x) or (1 — 0.5x) mol polymer molecules. Hence, 


= 107? mol 3 
DPn = = 15x10 
(7.4x 10~® mol) (1 — 0.5x) 


Solving, x = 0.2. So 20% of the chain radicals terminate by coupling and 80% by disproportionation. 
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6.7.3 Average Lifetime of Kinetic Chains 


The average lifetime (r) of the kinetic chain is given by the ratio of the steady-state radical con- 
centration to the steady-state rate of radical disappearance : 


M° 1 
Sgn, ee ee (6.107) 
2k, [M° ]? 2k; [M° ] 
Substituting for [M° ] from Eq. (6.100) yields (Rudin, 1982): 
Sa (6.108) 
kp [M] 
For termination by disproportionation [cf. Eq. (6.104)], 
t = DP,/kp[M] (6.109) 
and for termination by coupling or combination [Eq. (6.103)], 
t = DP,,/2k,[M] (6.110) 


Problem 6.16 In an experiment, styrene polymerization in bulk at 60°C is initiated by 1x 107? M benzoyl 
peroxide. The density of liquid styrene is 0.909 g/cm? at the reaction temperature. What is the average radical 
lifetime and what is the steady-state radical concentration ? [Data at 60°C: kr (styrene) = 6.0x107 L mol! 
st; kaq (benzoyl peroxide) = 7.1x10~° sl; f =0.5.] 


Answer: 


Combining Eq. (6.108) with Eq. (6.102), 


It = 2(fkak, I" 


= 2 [(0.5)(7.1 x 10-8 s!)(6.0x 107 L mol! s710 x 1073 mol L7)] 


= 0.9238! = rt=l.ls 


From Egs. (6.21) and (6.11), 


— [@.5)7.1« 10-8 s- x10 mol L71) | 


fka] K £ 
(6.0 x107 L mol"! s-!) 


7.7x107? mol L7! 


6.8 Chain Transfer 


It is often observed that the measured molecular weight of a polymer product made by free-radical 
chain polymerization is lower than the molecular weights predicted from Eq. (6.102) for termina- 
tion by either coupling [Eq. (6.103)] or disproportionation [Eq. (6.104)]. Such an effect, when 


326 Chapter 6 


the mode of termination is known to be disproportionation, can be due to a growing polymer chain 
terminating prematurely by transfer of its radical center to other species, present in the reaction 
mixture. These are referred to as chain transfer reactions and may be generally written as 


kitr 
M,* + TA —> M,A +T' (6.111) 


where the chain transfer agent TA may be monomer, initiator, solvent, polymer, or any other 
substance present in the reaction mixture, and A is the atom or species transferred; ks is the chain 
transfer rate constant. 

The new radical T* , which results from chain transfer, can reinitiate polymerization by the 
reaction 


ky 
T* + M— TM: (or Mi‘) (6.112) 


where k, is the rate constant for addition of monomer to T° , leading to chain reinitiation by the 
process, 


k k 
Te +M—> Mit >M > bM (6.113) 


where kp is the normal propagation rate constant. 

While chain transfer to monomer is negligible for most monomers, it may, however, be sig- 
nificant for some monomers, such as vinyl acetate, vinyl chloride, and a-methy] substituted vinyl 
monomers, e.g., propylene and methyl methacrylate (MMA). For MMA the chain transfer pro- 
ceeds by the reaction : 


CH; Cm y CH; CH, 
www CHy-C" + oC tr, M mn CH CH + H,C=C (6.114) 
COOCH; COOCH; COOCH; COOCH; 


where krm is the rate constant for chain transfer to monomer. In general, the rate of transfer to 
monomer is given by 


Rirm = Kirm[M][M°*] (6.115) 


where [M° ] represents growing chain radicals of all sizes. 
Many peroxide initiators have significant chain transfer reactions. Dialkyl and diacyl peroxides 
undergo chain transfer due to breakage of the O-O bond, e.g., 


H O o 

| ji Ji ki | II II (6.116) 
NCES + R—C—0—0—C—R —>— > wwCH-Ç-O-C-R +4 R—C-0' 

X X 


where kry is the rate constant for chain transfer to initiator. Usually the strongest transfer agents 
among the initiators are the hydroperoxides. In general, the rate of chain transfer to initiator is 
given by 


Rri = Kt [I [M*] (6.117) 
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In some polymerizations, the solvent itself may act as the chain transfer agent. For example, 
during vinyl polymerization in solvent CCl, chain transfer takes place by the reaction 


H H 
| koa i (6.118) 
ww CH =C" + C0, ——=—>» wwCH,-C-Cl + *CCl 
i : 
X X 


where kss is the rate constant for chain transfer to solvent. However, in industrial free-radical 
polymerizations the use of solvent is usually avoided for economic reasons, while some ingredients 
may be deliberately added as chain transfer agents to limit the molecular weight of the polymer. 
In general, the rate of chain transfer to solvents and/or added chain transfer agents is given by 


Rirs = krs [S][M*] (6.119) 


Since chain transfer terminates a growing chain, its effect is a lower molecular weight than would 
result in its absence. The effect of any chain transfer on the rate of polymerization will, however, 
vary depending on the relative rates of the transfer [Eq. (6.111)] and reinitiation [Eq. (6.112)], as 
compared to the rate of normal propagation reaction [Eq. (6.6)]. 


Problem 6.17 What would be the effect of chain transfer reactions on the polymerization rate and polymer 
molecular weight in each of the following cases (Rudin, 1982; Odian, 1991): (a) kp > ktr, kr =~ kp; (b) 
kp < kir, kr = kp; (c) kp = ktr or Kp > kır and ky < kp; (d) kp < ktr, kr & kp; (€) Rp < Kir kr < kp? 


Answer: 


(a) This is the case of normal chain transfer. Since k, ~ kp, the new radical (T * ) formed by the transfer 
reaction [Eq. (6.111)] will add to a monomer molecule (to initiate a new chain) within about the same 
time period as that required for addition of a monomer-ended radical to a monomer molecule; the rate of 
polymerization Rp is therefore not altered. Though the molecular weight is reduced by chain transfer, the 
stated condition kp >> kyr ensures that the product is still macromolecular. This is the case of normal chain 
transfer. 


(b) If kp « kr and kr ~ kp, there will be a large number of transfer reactions compared to propagation 
reactions, and only a very low-molecular-weight polymer will be formed. 


(c) As the reactivity of the radical formed by chain transfer is lower than that of propagating chain radicals 
(kr < kp), the rate of polymerization will be reduced (but not to zero); because of chain transfer the polymer 
molecular weight will also be reduced. Such cases are examples of retardation. 


(d) In this case, the reduction in polymerization rate is so severe as to make it effectively nil. It is a case of 
inhibition. Retardation and inhibition are described more elaborately in a later section. 


(e) The chain transfer is predominant as (kj, >> kp) and the new radical formed by this reaction reinitiates 
poorly since (k; < kp), with the result that there is a large decrease both in polymerization rate and molecular 
weight. This is the case of degradative chain transfer. 


Problem 6.18 When a vinyl monomer of molecular weight 132 was polymerized by a free-radical initiator 
in the presence of dodecyl mercaptan (Cj2H2s5SH), the rate of polymerization was not depressed by the 
mercaptan. The purified polymer showed a sulfur content of 0.02% (w/w) and its DP,, was determined to 
be 450. If 80% of the kinetic chains are terminated by coupling and 20% by disproportionation in this 
polymerization, what should be the extent of terminal unsaturation in the chains ? 
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Answer: 


Molar mass of repeat unit = 132 g mol7!; My = DPn X Mo = 450X132 = 5.94x10*; polymer chains = 
(5.94 x 10+)! = 1.68x10~> mol g~!; Sulfur = (0.02x10~7) /(32 g g-atom™!) = 6.25x10~° g-atom g™!. 


In the presence of mercaptan, the following reactions take place (Flory, 1953): 


M,* + RSH — M,—-H + RS: 
+M +M 
RS: — RSM: — etc. — RSM;,° 


Since the rate of polymerization is not reduced by the mercaptan, the transfer radical RS* evidently reacts 
readily with the monomer to start a new kinetic chain. Accordingly, it may be assumed that for one mol 
of mercaptan consumed one mol of dead polymer chains are formed and one mol of new kinetic chains are 
initiated. Therefore 6.25x10~ moles of polymer chains are produced by transfer to mercaptan. Remaining 
(1.68x10~ -6.25x10~°) or 1.055x10~> mol of polymer chains result from termination by disproportionation 
and coupling. 

Out of every 100 kinetic chains, 80 terminate by coupling to produce 40 polymer molecules and 20 
terminate by disproportionation to produce 20 polymer molecules of which 10 contain terminal unsaturation 
[see Eq. (6.14)]. Therefore, the amount of terminal unsaturation = (1.055x10~> mol gl) (10/60) = 
1.76x10~© mol gt, which means that (1.76x10~°) (100) / (1.68x1075) or 10.5% of polymer chains have a 
terminal unsaturation. 


6.8.1 Degree of Polymerization 


Equations (6.105) and (6.106) for DP, apply to free-radical polymerization following ideal kinet- 
ics in which termination of chain growth occurs only by mutual reaction (coupling and dispropor- 
tionation) of chain radicals. Combining Eqs. (6.100) and (6.105) one may write 


= 2 R R 
DP, = SP, EP 6.120 
ý (5 = =] R; ZR; ( ) 


where z = (1 — &c¢/2). In Eq. (6.120), R, is the rate of termination of chain radicals and zR; 
is the rate of production of dead polymer molecules by bimolecular termination mechanism. (If 
combination is the sole mechanism, €c = 1 and z = 1/2, while for termination by disproportion- 
ation &c = 0 and z = 1.) Since, as we have seen above, chain radicals can also be terminated by 
chain transfer reactions, Eq. (6.120) will now be modified to include transfer reactions. This can 
be easily done by redefining DP, as the ratio of rate of polymerization to the rate of formation 
of dead polymer molecules by all reactions, namely, by the normal bimolecular termination and 
various transfer reactions. Thus Eq. (6.120) takes the form (using R; = R; for steady state) (Ghosh, 
1990): 

ee 

ZR, + Rim + Riri + Rirs 

Rp 


9 oe (6.121) 
ZRi + Kt, M[M ° LM] + kera[M ° J] + &,s[M° JIS] 
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Noting from Eq. (6.12) that Rp = kp[M][M°], Eq. (6.121) is conveniently rearranged to the form 


1 ZR; [I] [S] 
— = — + CM + C— + Cs — (6.122) 
DP, Rp [M] [M] 
where Cm, Ci, and Cs are the chain transfer constants for monomer, initiator, and solvent/chain 
transfer agent, respectively, defined as the ratio of the respective chain transfer rate constant to the 
propagation rate constant, that is, 


Kir Ker. I Kers 


C = n C = —, C — 
M kp I S 


(6.123) 


The term Cs refers to solvent used in polymerization or any component specially added as chain 
transfer agent. Equation (6.122), often referred to as the Mayo equation, shows the quantitative 
effect of various transfer reactions on the number average degree of polymerization. Note that the 
chain transfer constants, being ratios of rate constants with same dimensions, are dimensionless 
quantities dependent on the types of both the monomer and the substance causing chain transfer 
as well as on the temperature of reaction. Various methods can be employed, based on the Mayo 
equation, to determine the values of the chain transfer constants. (See Problems 6.20 and 6.21 for 
some of these methods.) 


Problem 6.19 Vinyl acetate has a relatively high monomer chain transfer constant (2x1074 at 60°C). Cal- 
culate an upper limit for the molecular weight of poly(vinyl acetate) made by radical polymerization at 60°C. 


Answer: 


The upper limit of molecular weight corresponds to the lower limit of (1/DP,,) in Eq. (6.122). The lower 
limit of the first, third, and fourth terms on the right side of Eq. (6.122) is 0. Hence, 


1 4 = 
ap, min = Cy = 2x10 = DP, = 5,000 


Mn = (5,000)(86 gmol~!) = 4,30,000 gmol7! 


Problem 6.20 Vinyl acetate is to be polymerized in benzene solution at 60°C using 2,2’-azobisisobutyro- 
nitrile (AIBN) as the initiator and carbon tetrachloride as a chain transfer agent. The initial monomer con- 
centration is 200 g/L and solution density is 0.83 g/em?. What concentrations of initiator and chain transfer 
agent should be used to obtain poly(vinyl acetate) with an initial molecular weight (assuming termination by 
coupling) of 15,000 and 50% conversion of monomer in 2 h? Neglect chain transfer to initiator in calcula- 
tions. [Data at 60°C: kg = 8.45x1076 gut: kp = 2.34x103 L/mol-s; k; = 2.9x107 L/mol-s; f =1.0; Cu 
= 2.3x10-4; Cs(benzene) = 1.2x1074; Cs(CCly) = 1.07. ] 

Answer: 


Molecular weights: vinyl acetate 86; AIBN 164; benzene 78; CCl4 154. 
[Mh = (200 g L~!)/(86 g mol™!) = 2.32 mol L7! 
Neglecting initiator mass, [S]benzene = (830 g — 200 g)/ (78 g mol!) = 8.08 mol L“!. 


Assuming that chain transfer has no effect on the polymerization rate, Eq. (6.31) can be used. Using relevant 
data and p = 0.5, this equation gives 


Mo = 616x107 molL7! = 6.161073 164 or 1.0gL7! 
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From Egs. (6.102) and (6.103), 


ory e (P6.20.1) 
mF kake Mo)? fa 


Substituting appropriate values in Eq. (P6.20.1), (DPn) = 4340. 


Desired DP, = 15,000/86 or 174. From Eq. (6.122), 


1 1 [S]benzene [Slecuy 
— = -~-— + Cy + Co(benzene) ———— + Cs(CCl4) —— 
Dp ORG ES TMI Se TNA 


Substituting appropriate values and solving, [S]cc,, = 0.0106 mol L! = 0.0106x154 or 1.63 g L7!. 


Problem 6.21 The following data of rate of polymerization and degree of polymerization at low conver- 
sion were obtained in bulk polymerization of monomer M (initial concentration 8.3 mol/L) using different 
concentrations of thermal initiator I at 60°C : 


{Ix 107, mol/L Ry X 10°, mol/L-s DPn 


0.018 0.005 8267 
0.072 0.010 5495 
0.280 0.020 3296 
1.74 0.050 1300 
4.48 0.086 714 
7.80 0.115 495 
13.20 0.15 352 


Calculate (a) Cm, (b) kplkt!?, and (c) Cy at 60°C. Assume termination by coupling. 
Answer: 


Consider polymerization in the absence of a solvent or added chain transfer agent, so that [S] = 0. For 
steady-state polymerization, Eq. (6.23) can be used to express R; in terms of Rp as 


2 
Ri = ip k (P6.21.1) 
[MP 


and Eq. (6.24) can be rearranged to express [I] as 


i = Roki (P6.21.2) 
— KMP fka ie 


Substitution of Eqs. (P6.21.1) and (P6.21.2), and [S] = 0 into Eq. (6.122) gives (Rudin, 1982; Odian, 1991): 


kiRZ 
k? f ka [MP 


= + M +C 


(P6.21.3) 


Since Eq. (P6.21.3) is quadratic in Rp, the plot of 1/DP, vs. Rp will be curved, the extent of which will 
depend on C1, that is, the nature of the initiator. In the present case, the plot of 1/DP, vs. Rp (Fig. 6.6) is seen 
to be linear at low Rp (i.e., the first 3 points). Therefore the values of the intercept and slope are determined 
from a least-squares calculation using the first 3 data points, yielding (a) Cy = Intercept = 6.03x10~> and (b) 
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(zki) / (ks, [M]2) = slope = 12.16. Since termination occurs only by coupling, z = 1/2. Also [M] = 8.3 mol 
L7! So, kp/k}? = 3.46 x107? LY? mol! s-¥2, 


(c) Equation (P6.21.3) can be rearranged and divided through by R, to yield (Rudin, 1982; Odian, 1991): 


1 1 22k kiR 
(= = Cu) — = 7 aH (P6.21.4) 
DP, Rp K2 [M] K f ka [M]? 
It is easy to show from Eq. (6.24) that 
k I 
= i 5 (P6.21.5) 
ke, f ka [M] [M]R3 


Since in the present case, the value of Cy is negligibly small, assuming Cy ~ 0, one can rearrange Eq. 
(P6.21.4) and combine with Eq. (P6.21.5) to yield (Rudin, 1982; Odian, 1991) : 


1 2zæk&Rp\) _ , U 
(ie ae = G (P6.21.6) 


Turning to the present case, since the termination is only by coupling, z = 1/2 and Fig. 6.7 shows a plot of 
(1/DP, - kR p/k? [M]?) vs. [I]/[M]. From the slope of the linear plot Cy = 0.066. 


Values of Cy for some common monomers are listed in Table 6.5. These being representative 
values, Cy is seen to be small (typically, in the range of 10~° to 1074). Since chain transfer to 
monomer cannot be avoided, the highest molecular weight that can be obtained for a polymer, in 
the absence of all other transfer reactions, will be limited by the value of Cy (see Problem 6.19). 
Table 6.6 lists some values of initiator transfer constants (C)) . 


Table 6.5 Some Values of Monomer Chain Transfer Constants 


Monomer Monomer 

Acrylamide à Methyl methacrylate 0.07-0.18 
Acrylonitrile 0.26—0.3 Styrene 0.07-1.37 
Ethylene 0.4-4.2 Vinyl acetate 1.75-2.8 
Methyl acrylate 0.036—0.325 | Vinyl chloride 10.8—12.8 


All Cy values are for 60°C. 
Source: Brandrup et al., 1999; Ghosh, 1990. 


Problem 6.22 Weighed amounts of styrene (M) and n-butyl mercaptan (S) in sealed glass ampoules were 
heated at 60°C for different periods of time. The polymers were then precipitated in methanol, dried in oven, 
and degrees of polymerization evaluated by intrinsic viscosity measurements. From the data given below 
calculate the chain transfer constant (Cs) for the styrene/dodecyl mercaptan system at 60°C. 


([S]/[M])x 10° Time (h) %ConversionofM DP,x 10> 10 [DPn 


1.41 12 1.12 2.62 3.82 
2.70 13 1.24 1.56 6.4 
4.54 14 1.45 0.97 10.3 
6.43 16 1.58 0.76 13.1 


Answer: 


If a sufficiently strong transfer agent is used so that the fourth term of the right side of Eq. (6.122) makes the 
biggest contribution to DP,, the polymerization may be adjusted so as to considerably simplify Eq. (6.122). 
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Thus, for a series of measurements one may keep m" 2) [M] constant, so the first term on the right side of 
Eq. (6.122) becomes constant and carry out an uncatalyzed polymerization or use an initiator for which 


C is negligibly small (e.g., AIBN) so that the third term becomes nonexistent or negligible. Under these 
conditions, Eq. (6.122) takes the form (Rudin, 1982; Odian, 1991): 


1 E 1 [S] 
DPn (se) * S M] (P6.22.1) 


where (1/DP„) is the value of (1/DP,) in the absence of solvent or the chain transfer agent, and it represents 
the sum of the first three terms on the right side of Eq. (6.122). The slope of the linear plot of (1/DP,) vs. 


[S]/ [M] then gives the measure of Cs. Figure 6.8 shows such a plot for the data given above, yielding Cs = 
slope = 21.6. 
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Problem 6.23 In a free-radical polymerization of styrene in solution at 60°C, carbon tetrabromide was 
used as a chain transfer agent. The initial concentrations of styrene and CBr4 were 1 mol/L and 0.01 mol/L, 
respectively. In 1 h, these concentrations dropped to 0.85 mol/L and 0.007 mol/L, respectively. What is the 
chain transfer constant Cs for styrene/CBr, ? (Neglect chain transfer to monomer, initiator, and solvent.) 


Answer: 


Dividing the rate expression for transfer [Eq. (6.119)] by that for propagation [Eq. (6.12)] yields 


~d[Sl/dt _ kis {S] diS] | n [S] 
AM] ~ % IM) ” JM ~ M (P6.23.1) 
Rearranging to d[S]/[S] = Cs(d[M]/[M]) and integrating between fy and r gives 
[S] [M] 
i = Ut P6.23.2 
(sp) Cs a(o ( ) 


Substituting appropriate values in Eq. (P6.23.2), 


_ 1n(0.007/0.01) _ 
~ In(0.85/1.0) a 


The transfer constants for a number of solvents/additives for polymerization of styrene, methyl 
methacrylate, and vinyl acetate are listed in Table 6.7. It is obvious from the data that the values 
of chain transfer constants depend on the chemical structure of both the chain transfer agent and 
the monomer. Thus the same substance may have different values of Cs for different monomers. 
Transfer agents with large Cs are especially useful since they can be used in small concentrations 
(see Problem 6.20). 


16 


0 2 4 6 8 
([S] / [M]) x 10° 


Figure 6.8 Plot of Eq. (P6.22.1) for the determination of Cs with the data of Problem 6.22. 
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Table 6.6 Some Values of Initiator Chain Transfer Constants 
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1 x 10° for polymerization of 


2 Oe Son a a a. 


Styrene Methyl metha- 

Initiator crylate 
2,2’-Azobisisobutyronitrile 0 0 
Dibenzoyl peroxide 480-1010 200 
t-Butyl hydroperoxide 350 12,700 
Di-t-Butyl peroxide 2.3-13 -= 
Cumyl hydroperoxide 630 3,300 
Lauroyl peroxide (70°C) 240 - 


Persulfate (50°C) 


All Cj values are for 60°C except where otherwise noted. 


Source: Brandrup et al., 1999; Ghosh, 1990. 


Acrylamide 


Table 6.7 Some Values of Transfer Constants for Solvents and Chain Transfer Agents 


Transfer agent Cs x 107 for polymerization of 
(Solvent/Additive) Styrene Methyl methacrylate Vinyl acetate 
Benzene 0.018-1.92 0.04-0.83 1.07-2.96 
Toluene 0.105-2.05 0.17-0.45 17.8-35 
Ethylbenzene 0.67-0.83 0.766 55.2 
Isopropyl benzene 0.8-3.88 1.9-2.56 89.9-100 
t-Butylbenzene 0.04-0.06 0.26 (80°C) 3.61 
n-Butyl chloride 0.04 1.20 (80°C) 5.6-8.4 
n-Butyl bromide 0.06 7 8.0-10.0 
n-Butyl iodide 1.85 -= 800 
Chloroform 0.41-3.4 0.454-1.77 125-170 
Carbon tetrachloride 69-148 0.925-20 6,700-10,000 
Carbon tetrabromide 17,800-22,000 2,700 7390000 
n-Butyl mercaptan 220,000 6,700 480,000 


All values are for 60°C unless otherwise noted. 
Source: Brandrup et al., 1999; Ghosh, 1990. 


6.8.2 Chain Transfer to Polymer 


In discussions above, we have ignored the possibility that chain transfer may take place to polymer 
molecules present in the system. At low conversions, the polymer concentration is low and so the 
extent of transfer to polymer is negligible. However, transfer to polymer cannot be neglected at 
high conversions. Chain transfer to polymer is also significant with very reactive propagating 
radicals like those in the polymerizations of vinyl chloride, vinyl acetate, ethylene, and other 
monomers in which there is no significant resonance stabilization. 


Chain transfer to polymer produces a radical on the polymer chain and polymerization of 
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monomer from this site results in the formation of a branch, for example, 


ji i Kip X 
YWCH — C + CH CY CH CH, X + wH -EN 
H H 
x ; x CHy—CHX 
WH, Cw os (6.124) 
CH, CHa 
X—C—H a 


While long branches are formed by the “normal” chain transfer to polymer, as shown above 
[Eq. (6.124)], reactive radicals like those of polyethylene can also undergo self-branching by a 
“backbiting” intramolecular transfer reaction (see Fig. 6.9) in which the chain-end radical abstracts 
a hydrogen atom from a methylene unit of the same chain resulting in the formation of short 
branches (as many as 30-50 branches per 1000 carbon atoms in the main chain) that outnumber 
the long branches by a factor of 20-50. 

Chain transfer to polymer does not change either the number of monomer molecules which 
have been polymerized or the number of polymer molecules over which they are distributed. Chain 
transfer to polymer thus has no effect on DP, and it is not included in Eq. (6.121). It, however, 
broadens the molecular weight distribution because the polymers which are already large are more 
likely to suffer transfer reactions and become yet bigger due to branching. 


6.8.3 Allylic Transfer 


Chain transfer to monomer is particularly favored with allylic monomers (e.g., allylic acetate) 
which have the structure CH2=CH-CH2X with a C-H bond alpha to the double bond described 
as an allylic C-H. While the propagating radical is very reactive, the radical formed by transfer to 
allylic C—H in the monomer is particularly stable and unreactive due to resonance stabilization [Eq. 
(6.125)] and does not initiate new chains. Allylic transfer is thus variously known as degradative 
chain transfer to monomer, autoinhibition, or allylic termination. 


H H 
| | kw 
i ae + H)C=CH-C—H — > 

CH,X X 

H H 6.125 
| ; 
aww CH, -CH + [osare <> ocz | [nen 
CH,X X X 


Problem 6.24 Suggest a kinetic scheme to account for the following characteristics of free-radical poly- 
merization of allylic monomers : 


(a) Rp is very low with first order dependence in initiator concentration. 
(b) DP, is very low and independent of monomer and initiator concentrations. 


(c) Deuterated allylic monomer possessing allylic C-D bond has significantly 
higher Rp than the normal allylic monomer. 


336 Chapter 6 


H 
4 e e 
CH CH, awn CH 
| Chain transfer s | 
CH, CH, (self-transfer) CH, — CH; 

CH, CH, 
cH, CH, = CH, 
m CH, 

2 . CH H 
~CH CH —CH, —CH, | 2 | 
CH, A second CH CH— CH, —CH, 
self-transfer ag CH 
Propagation ? 
Propagation 
branch | | i n 
ia CH, 
CH a” Asst CH, —CH, — CH; 
a N Sg / 
2 CH, —CH, CH, 
ee 
Ethyl branch Butyl branch 


Figure 6.9 Mechanism of ethyl and butyl branching in free-radical polymerization of ethylene. (After Ghosh, 
1990.) 


Answer: 


(a) Since the allylic radical formed [Eq. (6.125)] has high resonance stability, it does not initiate new chains. 
Chain termination occurs predominantly by chain transfer. At steady state, 


d{M°] 
dt 
Combination with Rp = kp [M" ] [M] and R; = 2fk,[I] leads to 


Ri — krm [M:" ] [M] = 0 (P6.24.1) 


kK Ri 2fkpka [I 
Rp = DUE 2fkpka M (P6.24.2) 
ktrM ktrM 


For degradative chain transfer, kp < kım. Therefore Rp is very low. Equation (P6.24.2) shows that Rp is 
first order in [I]. 

Rp Rp 7 kp[M"] [M] _ kp 

— Ri O R  keMMIM km 

Thus DP, is constant and very low. 


(b) DP, = v = 


(c) The C-D bond being stronger than the C-H bond due to its lower zero point energy, the degradative chain 
transfer is less in the deuterated monomer and Rp is higher. 
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6.9 Deviations from Ideal Kinetics 


A given polymerization conforming strictly to the reaction scheme represented by Eqs. (6.3) to 
(6.7) is commonly considered as an ideal polymerization. Any system deviating from this pattern 
of reaction is to be considered as a case of nonideal polymerization. The ideal behavior requires 
constancy of the term (RZ / {1 [MJ?), as according to Eq. (6.24) it is expressed as 


con = kp fk (6.126) 
MM} k)? l 


Practical free-radical polymerizations often deviate from Eq. (6.126) because the assumptions 
made in the ideal kinetic scheme are not fully satisfied by the actual reaction conditions or because 
some of these assumptions are not valid. For example, according to the ideal kinetic scheme that 
leads to Eq. (6.126), the initiation rate (R;) and initiator efficiency (f) are independent of monomer 
concentration in the reaction mixture and primary radicals (i.e., radicals derived directly from the 
initiator) do not terminate kinetic chains, though in reality R; may depend on [M], as in the case 
of cage effect (see Problem 6.7) and, at high initiation rates, some of the primary radicals may 
terminate kinetic chains (see Problem 6.25). Moreover, whereas in the ideal kinetic scheme, both 
kp and k; are assumed to be independent of the size of the growing chain radical, in reality k, may 
be size-dependent and diffusion-controlled, as discussed later. 


6.9.1 Primary Radical Termination 


Primary radicals under ideal conditions would contribute to chain initiation only. But in certain 
systems and under special conditions in certain others, they may also contribute to chain termi- 
nation (described as primary radical termination or primary termination), partly or exclusively, 
giving rise to significant deviations (Ghosh, 1990) from the ideal kinetics (see Problem 6.25). 


Problem 6.25 Show that in the case of radical polymerization where both bimolecular and primary rad- 
ical terminations occur simultaneously, the parameter (RZ / (1) [M] is not constant but is dependent on 


(Rp/ [M]?). Hence suggest a method of analysis of the primary radical termination effect from the exper- 
imental R, data. 


Answer: 


The reaction scheme (Ghosh, 1990) may be written as : 


ka 

(a) 1 —> 2R 

k; 
b) R: +M — M: 

p 
(c) Mrt +M —> Mna’ (n2!) 
(d) Mr* + Mm* — P 

ktp 


(ec) R° +M, —> P 


where P denotes a dead polymer molecule. 
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If bimolecular and primary radical terminations, (d) and (e), occur simultaneously, then considering 
steady concentrations of [M*] and [R*] separately, namely, 


oS = kj[R*][M] — 2k,[M-]? - kp[M"][R"] = 0 (P6.25.1) 
a = 2fkgll] — ki[R*][M] - k:p[R*][M*] = 0 (P6.25.2) 


one obtains 


kı [M] ki [R*][M] -krp [R*] IM" ] 


= (P6.25.3) 
fkall] ki[R*][M] + krp [R"][M"] 
Substituting (Rp /kp [M]) for [M" ] and rearranging gives 

1 ktp Rp 

R2 k — kik, [M 
P| TP FE i“? P6.25.4 
[I (MP E | kip Rp í ) 

kikp (MP 


Unlike in ideal kinetics [Eq. (6.126)] where R3 / [I][M]? is constant, Eq. (P6.25.4) shows that RŽ / [I] [M]? is 
no longer constant but depends on Rp or Rp/ [M}?. 


Making use of the fact that for vinyl polymerization, (ktp /kikp) (Rp / [MI2) « 1, Eq. (P6.25.4) can be 
simplified to the form: 


R k 2kip R l-a 
P P tp "p -2a 
= | — fk, ioe too Note : ~ 
MM]? Fagg kikp a eee maar 
Taking logarithm, 
2 2 

pee = ln E fkg = Fea Ro (P6.25.5) 

[1] [M]? ky kikp ) [MP 


A negative slope of the linear plot of the left hand side of Eq. (P6.25.5) against (Rp/ [MIJ’) is thus indicative 
of primary radical termination. The magnitude of the slope also gives a measure of the parameter (krp /kikp). 


6.9.2 Initiator-Monomer Complex Formation 


There are many reports on polymerization of different monomers showing different degrees of 
kinetic complexity where the observed effects are well explained and understood on the basis of 
equilibrium complex formation between the initiator used and the monomer (Walling and Heaton, 
1965; Ghosh and Billmeyer, 1969; Ghosh and Banerjee, 1974). 
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Problem 6.26 Formation of complex (C) between initiator (I) and monomer (M) leads to nonideal kinetic 
behavior in many cases. A simplified scheme of chain initiation based on the concept of equilibrium complex 
formation between initiator and monomer may be given as 


K 


(a) 1+M = C (initiator-monomer complex) 
ka 
b) C — 2R' 
ki 
(c) Rt +M — RM: 


where K is the equilibrium constant of the initiator-monomer complexation reaction (a) and the complex C is 
the true source of initiating radicals. Assuming that the usual bimolecular termination is the only prevailing 
mode of chain termination, derive an expression for the rate of polymerization Rp and show how K can be 
evaluated from the experimental Rp vs. [M] data. 


Answer: 
For reaction (a), since usually [M] > [C], 
[C] [C] 


K= = (P6.26.1) 
[1] [M] (Mo — [C])[M] 


where [I], is the initial concentration of the initiator. 


5 l KMI 
earranging Eq. (P6.26.1) [C] = T+ KM] (P6.26.2) 


The rate of initiation is given by R; = 2ką [C]. Inserting Eq. (P6.26.2) in this equation and then combining 
with Eq. (6.23) gives 


z kay? K 12 32 1/2 
Rp = kn) (<a) [M]°’* [1], (P6.26.3) 


Equation (P6.26.3) describes a change in reaction order with respect to monomer from 1.5 to 1 with increasing 
[M]. Equation (P6.26.3) may be further transformed to: 


M]? ky k[M] 


E : P6.26.4 
RŽ kõkaK [Io  kžka Mo i ) 


According to Eq. (P6.26.4), a plot of [MM]? / RZ vs. [M] should give a straight line such that the quotient of 
the slope and the intercept is equal to K. 


6.9.3 Degradative Initiator Transfer 


Initiators under ideal conditions would contribute only to chain initiation by dissociation [Eq. 
(6.3)] into primary radicals (R° ). But in certain systems they also contribute to chain termination 
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(Ghosh, 1990), partly or exclusively, giving rise to significant deviations from the ideal kinetics 
(see Problem 6.27). The degradative chain transfer to initiator (I) may be written as 


Kory 
M,* +1 —> M, +I° (6.127) 


where I° is a radical product of I, which is inactive or less active than the primary radical R* derived 
from I. 


Problem 6.27 Consider a case of degradative chain transfer to initiator (I) as given by Eq. (6.127). Derive 
suitable expressions for the rate of polymerization for (a) an extreme case where chain termination occurs 
exclusively by the degradative initiator transfer and (b) a more general case where chain termination takes 
place by simultaneous occurrence of the degradative initiator transfer and the usual bimolecular mechanism. 
In both cases, assume that the radical I* formed by the chain transfer to initiator I is too inactive to reinitiate 
polymerization. 


Answer: 


(a) For termination of the kinetic chains exclusively by the degradative initiator transfer process, the rate of 
termination is 


Ry = ker (M*] [0] 


Using the steady-state concept for the chain radicals, 


d{M* 
MI L RiR = 2fkalll ~ kes (MIM = 0 
2fk 
mM] = 2a (P6.27.1) 
krri 
The rate of polymerization is then given by 
k 
Rp = eMM] = (erom (P6.27.2) 
tr, 


which shows that Rp is independent of initiator concentration but it still retains first order dependence on 
monomer concentration. 


(b) Under steady state, the following relationship (Ghosh, 1990) holds good when chain termination occurs 
both by the degradative process and the usual bimolecular mechanism : 


d{M°] 


qg 7 Skall he [M -2k [MP = 0 


On elimination of [M" ] by substituting [M*] = Rp /kp [M] and on further rearrangement one obtains 


R; kp K \ (kit) R 
Po = |2 |22 | (Rent) Se 
mM E | (fka) E | ( kp ) [M] (P6.27.3) 


Equation (P6.27.3) allows a plot of RZ /0] [M]? vs. Rp/[M]. A negative slope of the linear plot is indicative 
of termination by the degradative initiator transfer reaction in addition to bimolecular termination. From the 
slope of the plot, the parameter (;;,1/k») can be obtained and from the intercept fkq can be calculated, if the 
kinetic parameter (k3, /k;) for the monomer is known. When Rp becomes independent of [I] for a given [M], 
Eq. (P6.27.3) is unsuitable for the analysis of the degradative effect and Eq. (P6.27.2) may then be employed. 
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6.9.4 Autoacceleration 


Deviations from ideal kinetics due to size-dependence and diffusion control of termination pro- 
duce relatively weak effects at low conversions. However, at high conversions these effects are 
very significant in most radical polymerizations. Thus, instead of the reaction rate falling with 
time, as would be expected from Eq. (6.24) since the monomer and initiator concentrations de- 
crease with conversion, an exact opposite behavior is observed in many polymerizations where the 
rate of polymerization increases with time. A typical example of this phenomenon is shown in 
Fig. 6.10 for the polymerization of methyl methacrylate in benzene solution at 50°C (Schulz and 
Haborth, 1948). An acceleration is observed at relatively high monomer concentrations and the 
curve for the pure monomer shows a drastic autoacceleration in the polymerization rate. This type 
of behavior observed under isothermal conditions is referred to as the gel effect. It is also known 
as the Tromsdorff effect or Norrish-Smith effect in honor of the early researchers in this field. 

The gel effect is generally attributed to a decrease of the termination rate constant k; due to 
increased viscosity at higher conversions. From theoretical considerations, the rate constant for 
reaction between two radicals in low viscosity media (such as bulk monomer) would be very 
large, about 8x10? L/mol-s. Experimentally determined k; values for radical polymerizations, 
however, are considerably lower, usually by two orders of magnitude or more (see Table 6.4). Thus 
diffusion is the rate-determining process for termination. At higher conversions when the polymer 
concentration becomes high enough, the chain radicals become more crowded and entangled with 
segments of other polymer chains, attended by increase in viscosity. Consequently, the rate of 
diffusion of the polymer radicals and the frequency of their mutual encounters decrease. The rate 
of termination thus becomes increasingly slower. 

While termination involves reaction of two large polymer radicals, propagation involves the 
reaction of a large radical with small monomer molecules. High viscosity thus affects the termina- 
tion reaction much more than the propagation reaction, that is, k; decreases much more than kp, the 
net result being that there is an increase in the ratio kp / kl Pin Eq. (6.24) and hence an increase in 
the rate of polymerization. As vinyl polymerizations are exothermic (see later), this increased rate 
can cause a temperature rise and faster initiator decomposition, leading finally to runaway reaction 
conditions. 


Problem 6.28 The bimolecular chain termination in free-radical polymerization is a diffusion-controlled 
reaction that can be treated as a three-stage process (North and Reid, 1963; Odian, 1991), described below. 


Stage 1. Translational diffusion of the centers of gravity of two macroradicals to such close proximity that 
certain segments of each chain can be considered to be in contact : 
ky 
Mn? + Mm? = (Mn’*....Mm*) (P6.28.1) 
k2 
Stage 2. Segmental diffusion (movement of parts or segments of a polymer chain relative to its other parts) 
of the two chains bringing their radical ends sufficiently close for chemical reaction : 


k3 
Mn’ ....Mm') <= (Mn* | Mn’) (P6.28.2) 
k4 
Stage 3. Chemical reaction of two radical ends : 
ke 


(Mn* |Mm*) = dead polymer(s) (P6.28.3) 
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Figure 6.10 Conversion-time plots for the polymerization of methyl methacrylate in benzene at 50°C. The 
labeled curves are for the indicated monomer concentrations. In the present case, at monomer concentrations 
less than about 40 wt% the rate (slope of conversion vs. time) is approximately as anticipated from the ideal 
kinetic scheme, but deviation (rate acceleration) occurs at higher monomer concentrations. (Adapted from 
Schulz and Haborth, 1948.) 


Assuming that diffusion is the rate-determining process for termination, obtain an expression for the rate 
of termination. Simplify the expression for two limiting situations of slow translational diffusion and slow 
segmental diffusion. 


Answer: 


For diffusion control of termination, ke >> k4 and the reverse reaction in stage 2 [Eq. (P6.28.2)] is neglected. 
Assuming a steady state for (M,°....Mm*), 


d[(Mn*....Mm* )] 


a = kı [Mn * [Min ] — ko (Mn " -Mm *)] — k3 [Mn * -Mm *)] = 0 


Therefore, 


: Aine kı . . 
[Mn ".Mm)] = ( a =) Mn Min] 


and 


kiks [M"]? 
Rp = k [Mną .Mm)] = ea (P6.28.4) 
2 + k3 


where [M°] is the concentration of all chain radicals. For slow translational diffusion, k3 >> kọ and Eq. 
(P6.28.4) then reduces to 


R, = kM? (P6.28.5) 
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For slow segmental diffusion, k2 >> kz and Eq. (P6.28.4) reduces to 


- (88) wep 
R, = ( = Jon) (P6.28.6) 


The experimentally observed termination rate constant k; thus corresponds to kı and k k3/k2, respectively, 
for the two limiting situations (Odian, 1991). 


6.10 Inhibition/Retardation of Polymerization 


Some substances, when present in the monomer or in the polymerization system, suppress chain 
formation and/or chain growth by reacting with primary radicals or propagating chain radicals 
(before they could grow to polymeric size) to yield either nonradical products or radicals that are 
too low in reactivity to undergo propagation. Such substances are called inhibitors or retarders 
depending on their effectiveness. An inhibitor prevents polymerization completely as long as 
it is present in the system, whereas a retarder reduces the rate of polymerization but does not 
stop it completely. Figure 6.11 compares these effects, schematically, on the rate of free-radical 
polymerization. Inhibitors are deliberately added to monomers to prevent polymerization during 
storage or shipment. So before carrying out any polymerization, the inhibitors should be removed 
or, alternatively, additional amounts of initiators should be added to compensate for the inhibitors. 


Conversion {"lo) 


Time 


Figure 6.11 Comparison of conversion-time plots for normal, inhibited, and retarded free-radical polymer- 
ization. Curve 1: normal polymerization in the absence of inhibitor/retarder. Curve 2: inhibition; polymer- 
ization is completely stopped by inhibitor during the initial induction period but at the end of this period 
with the inhibitor having been completely consumed, polymerization proceeds at the same rate as in normal 
polymerization (curve 1). Curve 3: retardation; a retarder reduces the polymerization rate without showing 
an induction period. Curve 4: inhibition followed by retardation. (After Ghosh, 1990.) 
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The difference between inhibitors and retarders is simply one of degree and not kind. Both are 
either chain transfer agents (TA) or substances (Z) that add to propagating polymer radicals and 
thus provide an alternative reaction path: 


(a) Monomer addition 


=> M;i; 


(b) Chain transfer to TA MA + T (6.128) 


(c) Addition to Z M,Z: 

If the rate of reaction in Eq. (6.128b) or (6.128c) is very much greater than that of the reaction 
in Eq. (6.128a) and the new radicals T* and M,,Z°* do not reinitiate by adding to monomer, then 
high-molecular-weight polymer will not be formed and the rate of polymerization will be prac- 
tically zero during the period TA or Z is present in the system. This is a case of inhibition (cf. 
Problem 6.16) and the duration is known as the induction or inhibition period. On the other hand, 
if the rate of reaction in Eq. (6.128b) or (6.128c) is comparable to that of the normal propagation 
reaction in Eq. (6.128a) and the new radicals T* and M,Z° do not reinitiate (cf. Problem 6.16) 
or reinitiate only slowly, then the rate of polymerization will be slowed down but not reduced to 
zero. This is a case of retardation. 

Quinones are probably the most important class of inhibitors. The following transfer reactions 
may take place in the presence of quinone: 


a + o= =o ww CE —CH—O e O- 
if R 
Z/N O 
www CH= + : 
CH ‘a WoC )-0 A 


l 
ww CH, 


(6.129) 
O: 


The inhibitor radicals formed in the above reactions are stabilized by resonance to such an ex- 
tent that they do not add monomer to reinitiate polymerization. They disappear partly through 
disproportionation (forming quinone and hydroquinone): 


(6.130) 


and partly by combining with each other (dimerization) or with new chain radicals. 

Reaction (6.130) results in the regeneration of one inhibitor molecule per each pair of inhibitor 
radicals. Therefore this would lead to a 2:1 stoichiometry between the number of kinetic chains 
terminated and the number of quinone molecules consumed. Disappearance of inhibitor radicals 
by dimerization would, however, lead to a 1:1 stoichiometric ratio. 

A large number of other substances are also active inhibitors. These include oxygen, NO (one 
of the most effective inhibitors, so much so that some highly reactive monomers can be distilled 
only under an atmosphere of NO), aromatic nitro compounds, numerous nitroso compounds, sulfur 
compounds, amines, phenols, aldehydes, and carbamates. An interesting inhibitor is molecular 
oxygen. Being a diradical, oxygen reacts with chain radicals to form the relatively unreactive 
peroxy radical : 

M,* +0 — M,—O—O° (6.131) 
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6.10.1 Inhibition/Retardation Kinetics 


Considering the situation where the inhibitor Z can react either with primary radicals R * , derived 
from the initiator I, or with propagating radicals M, * to give products completely incapable of 
initiating new polymer chains, the following simple reaction scheme (Eastmond, 1976) may be 
written : 


I ae 2R° (6.132) 
R*+ M ates RM” (or Mı’) (6.133) 
R° + Z ne Inactive products (6.134) 
M, +M = Masi’ (6.135) 
Mr? + Z 2 Inactive products (6.136) 
Mn’ + Mn’ ne Dead polymer (6.137) 


Assuming stationary-state kinetics are applicable, we have for primary radicals and propagating 
chain radicals the expressions : 


d[R°*]/dt = R;-—k,[Z][R*]—-—4;[M][R°*] = 0 (6.138) 
d(M*]/dt = k[M][R*]-&,[Z][M*]-&[M*? = 0 (6.139) 
where [M*] = )12,M,° and R; is the rate of initiation in the absence of inhibitor Z, that is, 
Ri = 2fkall]. 
From Eq. (6.138), R. 
[R] = — (6.140) 


ka [Z] + ki[M] 


The rate of formation of chain radicals or rate of initiation in the presence of inhibitor is 
(Ri): = ki[M][R°]. Substituting for [R * ] from Eq. (6.140) one may write (Eastmond, 1976) 


— _AIMIRi _ „f,__ kalZ] 
(de= TIZM ~ d R T OPH 


If kalZ] > kilM], (Ri)z will be very small compared to R; and practically no chain initiation will 
take place in the presence of inhibitor. Also when kz [Z] >> k;[M], it is likely that k,[Z] > k,[M], 
implying that chain growth will be stopped in an early stage and normal bimolecular termination 
represented by k,[M° ? will be absent. Therefore from Eq. (6.139): 


., . kilM][R"] 
M'] = EZ (6.142) 


Substituting for [M° ] from Eq. (6.142) into the equation for rate of propagation, Rp = k,[M° ][M] 
gives 
ki kp [R* ][M]? kp [M] (Ri) 


a 7 nn 7 pan 
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Substituting from Eq. (6.141), 


_ Kp (MIR ka [Z] 
E E 
[M] Ri kzi [Z] 
Cz[Z] {! 7 Sen (6.144) 


where Cz is the inhibition constant (or inhibitor constant) defined as Cz = kz/kp. 


The average degree of polymerization, DP,, which is the average number of monomer molecules 
consumed per polymer molecule formed, is given (Eastmond, 1976) by 


DP, = 


(6.145) 


Q 
| 


It is seen from Eqs. (6.144) and (6.145) that in the presence of a powerful inhibitor, that 
is, under the conditions k,;[Z] >> k;[M] and k,[Z] > kp[M] (hence, Cz > 1), any polymerization 
which occurs even at low [Z] proceeds only at a very low, practically zero, rate and yields only 
very low-molecular-weight polymer (Eastmond, 1976). 


Now considering the situation where the inhibitor reacts with propagating radicals but does not 
react with primary radicals (i.e., kz; = 0), Eq. (6.144) reduces to 


de P< GAZ) 


If x number of chain radicals are terminated per inhibitor molecule, the concentration of in- 
hibitor, [Z], after a time ¢ can be approximately expressed (Odian, 1991) by 


[Z] = [Zb - 


Rit 
= (6.147) 
X 


where [Z], is the initial concentration of inhibitor. Substituting Eq. (6.147) into Eq. (6.146), 


d(M] R; [M] ous 
ee f 
at Ce (zı = “| 
Rearranging, 
1 £ [Zl\ _ (Cz 
-anM/a = col) (=): (6143) 


In terms of monomer conversion, p = ([M], - [M)/[M]o, Eq. (6.149) can be written as (Odian, 
1991): 


1 _ [Zh _ (=): (6.150) 


~dind—p)/dt R; 
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A plot of the left side of Eq. (6.150) vs. time should thus be linear and from the intercept and 
slope of such a plot both Cz and x can be obtained, if [Z], and R; are known (see Problem 6.29). 
The method involves measurement of quite small rates of polymerization, especially if Cz is large 
[cf. Eq. (6.146)]. However, by use of sufficiently sensitive techniques, such low rates of monomer 
consumption may be detected (Bevington et al., 1955). 


Problem 6.29 Polymerization of vinyl acetate at 45°C in the presence of 0.2 M benzoyl peroxide and 
9.3x10~4 M 2,3,5,6-tetramethylbenzoquinone (duroquinone), used as inhibitor, yielded the following data 
(Flory, 1953) of monomer conversion versus time : 


Time (min) % Conversion, px100 
0 0 
100 0.10 
200 0.30 
300 0.66 
400 1.18 
500 2.45 


Determine the inhibitor constant (Cz) at 45°C and the number of radicals terminated per inhibitor molecule. 
[For benzoyl peroxide at 45°C take ky = 2.8 x 1077 s71, f =0.25.] 


Answer: 
From a polynomial fit of In(1 — p) vs. time (t) data, dIn(1 — p)/dt is obtained by differentiation. The linear 
plot in Fig. 6.12, according to Eq. (6.150), yields 


Z 
slope = -2 = —92.2; intercept = CzIZIn = 5.1x10* min 
x Ri 
Ri = 2(0.25)(2.8x 1077 x 60min™!)(0.2molL7!) = 1.68 x 1076 molL~! min“! 
5.1 x 10 min) (1.68 x 1076 mol L~! min! 2.1 
ga e a E IEA E 
(9.3 x 10-4 mol L7!) 92.2 


Table 6.8 shows Cz values for various systems. The value of Cz for a compound is seen to 
depend largely on the monomer being polymerized. A large value signifies that the compound acts 
as an inhibitor and a small value signifies its role as a retarder. A given compound can thus act as 
a strong inhibitor for a monomer while acting only as a mild retarder for another monomer. 


6.11 Effects of Temperature 


6.11.1 Rate of Polymerization 


It is clear from Eq. (6.24) that the polymerization rate R, depends on the combination of three rate 
constants ky, kp, and ks, which makes the quantitative effect of temperature on R, rather complex. 
Expressing the rate constants kp, kg, and k, by an Arrhenius type relationship (Young and Lovell, 
1990): 


ki = Ajexp(—E;/RT) (6.151) 


where i stands for p, d, and t, A; is the (nominally temperature-independent) collision factor, and E; 
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Figure 6.12 Plot of Eq. (6.150) with data of Problem 6.29. 


is the activation energy for the individual reaction, the temperature dependence of the group 
kp(ka/k:)'” can be expressed by (Ghosh, 1990; Odian, 1991): 


1/2 1/2 = 
infty ($) | = mla, (26) |- Pae (6.152) 


and hence the temperature dependence of Rp by 
d(inR,)/dAT = Epp/RT? (6.153) 


where Epp is a composite or overall activation energy for the rate of polymerization related to Ej 
(i = p,d,t) by 
Epp = Ep + (Ea/2) — (E;/2) (6.154) 


For most monomers E, is in the range 20-40 kJ/mol and F; is in the range 8-20 kJ/mol, while 
for most initiators commonly used in thermal homolysis, Eg is in the range 125-165 kJ/mol. There- 
fore, Erp is about 80 kJ/mol. A temperature rise of 10°C will thus cause a two- or three-fold 
increase in the rate of polymerization. It should be noted that Ey dominates in Epp. So as the 
method of initiation varies, Epp changes significantly. For redox initiation, Ey = 40 — 60 kJ/mol 
and so Erp = 40 kJ/mol, which is one-half the value for nonredox initiators. Redox systems are 
thus generally used for polymerizations at lower temperatures. For photochemical or radiation- 
induced initiation, Eg ~ 0 and so from Eq. (6.154), Erp = 20 kJ/mol. The activation energy being 
very low, the rate of polymerization in photo- or radiation-initiated systems does not change much 
with temperature. 
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Table 6.8 Selected Values of Inhibitor Constants 


Inhibitor Monomer Cz = k:/kp k (L mol! s“) 
Nitrobenzene Methyl acrylate 0.00464 4.64 
Styrene 0.326 - 
Vinyl acetate 11.2 - 
1,3,5-Trinitrobenzene Methyl acrylate 0.204 204 
Styrene 64.2 - 
Vinyl acetate 404 760,000 
p-Benzoquinone Acrylonitrile 0.91 910 
Methyl methacrylate (44°C) 5.5 2400 
Styrene 518 - 
Dipheny|picryl- Methyl methacrylate (44°C) 2,000 = 
hydrazyl (DPPH) 
FeCl; in Acrylonitrile (60°C) 3.33 6500 
DMF solution Styrene (60°C) 536 94000 
Vinyl acetate (60°C) - 235,000 
Oxygen Methyl methacrylate 33,000 107 
Styrene 14,600 106-107 
Phenol Methyl acrylate 0.0002 < 0.2 
Vinyl acetate 0.012 21 


All values are for 50°C unless otherwise noted. 
Source: Data from Brandrup and Immergut, 1975. 


Problem 6.30 When an organic peroxide is used as the thermal initiator in the polymerization of styrene, 
the time it takes to convert 20% of the monomer is 70 min at 60°C and 38 min at 70°C in two experiments 
in which all conditions except the temperature are the same. However, when styrene is photopolymerized, 
the times for 20% conversion are 18 min and 16 min at 60°C and 70°C, respectively. If the half-life of the 
peroxide at 60°C is 153 h, what is the half-life at 90°C ? 


Answer: 


For polymerization initiated by thermal decomposition of initiators, we get from Eq. (6.153) for the two 
experiments 1 and 2: 


R E) 1 1 

n€ p)2 = ( RP) therm (= _ ral (P6.30.1) 
(Rp)1 R Tl, To 

Similarly for photopolymerization [cf. Eq. (6.66)], 


nË _  ERP)photo ( Aat ) (P6.30.2) 
(Rp)1 R Ti T 


Since in photopolymerization, Ey = 0, we get from Eq. (6.154), 
(ERP)therm = Eq/2 + (ERP)photo (P6.30.3) 


The rates of polymerization in two experiments are inversely proportional to the times required to attain the 
same conversion, i.e., 


In[(Rp)2/(Rp)i| = In (ty /t2) (P6.30.4) 
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For the peroxide initiated polymerization, we get from Eqs. (P6.30.1) and (P6.30.4), 


(Erp)therm _ layt) TTD SS = 6,978°K 
R (= E =) (1/333 K — 1/343 K) 
T To 


Similarly for photoinitiated polymerization from Eqs. (P6.30.2) and (P6.30.4), 


(ERP)photo _ In(18 min/16 min) 
R T (1/333°K — 1/343°K) 


From Eq. (P6.30.3), 


= 1345°K 


Ea/R = 2(6978°K — 1345°K) = 11,266°K 


Expressing ky by kg = Aq exp(—Eq/RT ) we obtain for experiments at two temperatures T) and T), 


R A/T — 1/T>) 
Since to.5 = In2/kg [cf. Eq. (6.27)], 
_ Eafl iv 
In{(os)i/(os)2) = F(z =) 
(153 h) j 4 o 
g (to.5)2 g (11,266 Olx K] = 10.5 at 90°C = 9.3h 


6.11.2 Degree of Polymerization 


It is obvious from Eq. (6.102) for kinetic chain length (v) that the temperature dependence of v 
is determined by the ratio kp / (kak). Using the Arrhenius expression (6.151) for the individual 
rate constants one obtains (Odian, 1991) 


k 
nlr = In[Ap/(444:)!?] - Epp/RT (6.155) 


where Epp is the activation energy for degree of polymerization, given by 
Epp = Ep — (Ea)/2 — (E:)/2 (6.156) 


Inserting Eq. (6.103) or (6.104) into Eq. (6.102), applying Arrhenius equations for the rate con- 
stants, taking logarithms, and finally differentiating with respect to temperature gives the relation : 


d In(DP n) E DP 
—T = Rr (6.157) 
With the usual values of Ep, Eg, and E;, mentioned above, Eq. (6.156) gives Epp ~ —60 kJ/mol. 
According to Eq. (6.157), DP, will therefore decrease with increasing temperature. On the other 
hand, for a purely photochemical polymerization, Eg ~ 0 and hence Epp is positive, being ap- 
proximately 20 kJ/mol. In photopolymerization, the molecular weight will therefore increase with 
increasing temperature. 
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Problem 6.31 When a monomer M was polymerized in solution with peroxide initiator P at two tempera- 
tures, using the same concentrations of M and P, the following conversions of M were obtained : 


Run Conversion in 60 min Initial molecular weight 
Run #1 (50°C) 20% 100,000 
Run #2 (65°C) 58% 60,000 


Calculate the energy of activation (E,) for the thermal decomposition of P. 
Answer: 


Approximating (1 — e~*d"/2) in Eq. (6.31) by kat/2, 
k 
-In(l-p) = Fea eae = Kvkavflllot (P6.31.1) 
t 


Only K and ~kg depend on temperature. From Eq. (6.102), assuming termination by coupling and consider- 
ing initial state, 


K [MIM 


M, = (DPn)M = —=———> (P6.31.2) 
" me Via CF (Eo)? 
Taking ratio of Eqs. (P6.31.1) and (P6.31.2), 
Indl -p _ k f Uo 
= = d t 
Mn [M] M, 
7 — 1n(0.80) fo 
For Run #1 (50°C): }=—————_ = (kg).,.°. ——— (60 P6.31.3 
or Run #1 ( ) 100,000 (ka)s9°c IMIM, ‘ min) ( ) 
om. 1n(0.42) fo 
For Run #2 (65°C): Sa es (ka)esec raz, (OOmin) (P6.31.4) 
Taking ratio of Eqs. (P6.31.4) to (P6.31.3) and substituting appropriate values gives 
100,000 1n(0.42) 
kdeorlkade ea = = = 6.479 
(Kaesec! (ka)so°c 60,000 In(0.80) 
Ey 1 1 
In} (k, oA/(k, o = 1.869 = —————— | — - —__ 
nlkadescMkdsorc] (8.314 Jmol !K-1) |323°K  338°K 
Eq = 1.13x10° Jmol! (113 kJ mol`!) 
6.11.3 Polymerization-Depolymerization Equilibrium 
The free energy of polymerization is given by 
AG, = AH, — TAS, (6.158) 


where AG,, AH,, and AS, are the differences in free energy, enthalpy, and entropy, respectively, 
between | mol of monomer and 1 mol of repeating units in the polymeric product. Polymerization 
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occurs if under the prevailing experimental conditions the process leads to decrease in free energy 
(i.e., AG, is negative). The polymerization of an alkene is exothermic (AH, is negative) because 
in this process the higher-energy 2-bonds of monomer molecules are converted into lower energy 
o-bonds in the polymer. The entropy change of polymerization (AS) is also negative because the 
conversion of monomer to polymer is accompanied by a decrease in degrees of freedom (random- 
ness). It is thus seen, referring to Eq. (6.158), that AH, is favorable for polymerization, but AS, is 
not. 


According to Eq. (6.158), AG, will become less negative as the contribution of T AS, increases 
at higher temperatures and finally a temperature, designated as T, may be reached at which AG, = 
0, with the result that a high-molecular-weight polymer cannot be produced at temperatures higher 
than To. At Te, forward (propagation) and reverse (depropagation or depolymerization) reactions 
proceed at equal rates in a dynamic equilibrium and Eq. (6.6) should thus be written more generally 
as 

kp 
RM,-1° +M Mr’ (6.159) 
kap 


where kap is the rate constant for depropagation or depolymerization. Accordingly, Eq. (6.12) 
now becomes 


oe = ky [M][M*] = kap[M*] (6.160) 


At To, called the ceiling temperature, —d[M]/dt = 0 and, from Eq. (6.160), kp [M]e = kap, or 
kp/kap = K = 1/[M]. (6.161) 


where K is the equilibrium constant and [M]e is the equilibrium monomer concentration. The 
variations of kp and ky with temperature are given by the Arrhenius expressions : 


kp = Ap exp(—Ep/RT) (6.162) 
kap = Aap exp(—Eap/RT ) (6.163) 


where A, and Ag, are pre-exponential factors and Ep and Ey, are the activation energies for prop- 
agation and depropagation, respectively; E,—Egp = AH, is the enthalpy change for the overall 
reaction. 


The predicted variation of T, with [M]e can be found by inserting the Arrhenius expressions 
into Eq. (6.161), whence 


AH, 


= —__? 6.164 
Rin(Ap[Mle/Aap) ( ) 


c 


Equation (6.164) shows that there is a series of ceiling temperatures corresponding to different 
equilibrium monomer concentrations. For a monomer solution of any concentration taken as [M]e, 
there is a temperature at which polymerization will not occur. In fact, for each concentration taken 
as [M]. there will be a plot analogous to Fig. 6.13 showing kap =kp[M]¢ at its Te. Thus there is an 
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Figure 6.13 Data from Problem 6.31 plotted to show variation of kp[M]e and kap with temperature for pure 
styrene (Dainton and Irvin, 1958; Ghosh, 1990; Odian, 1991.) 


upper temperature limit above which a polymer cannot be produced even from pure monomer at 
equilibrium. The designation of a singular T value, often referred to in the literature as “the ceiling 
temperature,” usually refers to the T, for the pure monomer or in some cases for the monomer at 
unit molarity taken as [M]e. 


Problem 6.32 For pure styrene (density 0.905 g/cm? at 25°C) calculate kp[M]e and kap at different tem- 
peratures, and hence determine the ceiling temperature, using the following data (Dainton and Irvin, 1958): 
Ap = 106 L mol! s7!; Agp = 10! s7}; Ep =27.2 kJ mol™!; Egy = 27.2 +67.4 = 94.6 kJ mol™!. 


Answer: 
(1000 cm? L7!) (0.905 g cm~’) 


; = 8.7 mol L7! 
(104 g mol™) 


For bulk styrene at 25°C, [M] = 


Assume that [M]; = 8.7 mol L~!. The values of kp[lM]e and kap at any given temperature can then be 
calculated from the following expressions [cf. Eqs. (6.162) and (6.163)] : 


6 TE -(27.2x 103 Jmol™!) 1 
kp[M]e = (10° Lmol™! s~!)exp “ ———— |(8.7molL"') (P6.32.1) 
(8.314J°K-! mol! )\(T °K) 
- (94.6 x 103 Jmol”! 
kap = (10'3 s7!) exp pelea (P6.32.2) 
(8.314 J°K-! mol`!) (T °K) 


Values of kp[M]e, kap, and (kp[M]e — ka) are calculated for different assumed values of T, starting from room 
temperature (T = 300°K), and these are plotted in Fig. 6.13. The extrapolated curve of (kp[M]e — ka) cuts 
the temperature axis at T = 580°K. Therefore, Te = 580 — 273 = 307°C. 
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Alternatively, since AH, = Ep — Eq p= -67.4 kJ mol7!, one obtains from Eq. (6.164), 
= (-67.4x 103 J mol!) 

~ (8.3143 °K-! mol!) In [(10° L mol! s~!)(8.7 mol L7!)/(10!3 s~!)| 

= 580°K (= 307°C) 


Te 


An alternative approach to the problem of determining ceiling temperature is based on the 
recognition of T, as the temperature at which AG, = 0, and hence from Eq. (6.158), 


Te = AH,/AS, (6.165) 


where AH, and AS, are the heat and entropy changes under the prevailing experimental conditions. 
Comparing Eqs. (6.164) and (6.165), one may write 


ASp = Rin(Ap/Aap) + RIn[M]. = AS, + RIn[M]. (6.166) 
where AS, is the entropy change for [M]e = 1 mol/L. Therefore, 
Te = AHp/(AS‘, + Rin[M].) (6.167) 


This equation implies that at the ceiling temperature (7) the monomer concentration in equilib- 
rium with long chain polymer is [M]-. Equation (6.167) can be rewritten as 


In[M]e = 


AH, ( l |- ASP (6.168) 


R \T.) R 


showing a linear relationship of In[M]e with reciprocal 7. Equation (6.168) can be used to deter- 
mine AH, and AS, from experimental data of Te and [M]e. 

The equations derived above can be used to calculate how much monomer will be in equilib- 
rium with high-molecular weight polymer at any temperature (see Problems 6.33 and 6.34). 


Problem 6.33 The standard enthalpy of polymerization (AH) of vinyl chloride at 25°C is -72 kJ/mol 
and the standard entropy of polymerization (AS) can be taken to be approximately —100 J/°Ķ-mol. Can 
the polymer be safely used at the ambient temperature (25°C), in view of the fact that vinyl chloride is 
carcinogenic ? 


Answer: 
For Te = 298°K, Eq. (6.168) gives 
(-72x 10? Jmol!) n (100 J°K~! mol!) 


(8.314 J°K-! mol~!)(300°K) (8.314 J°K-! mol!) 
= -16.84 = [M] = 4.9x10°8 mol L7! 


ln[M]e = 


So only a negligible concentration (< 0.0005 ppm) of monomer will be in equilibrium with high-molecular- 
weight polymer at 25°C. If unreacted monomer can be purged from the polymer, no significant concentration 
will develop thereafter at room temperature because of the polymerization-depolymerization equilibrium. 
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Problem 6.34 If a free-radical polymerization of 1.0 M solution of methyl methacrylate was being carried 
out at 100°C, what would be the maximum possible conversion of the monomer to polymer, that is, till the 
polymerization-depolymerization equilibrium is reached? (Given: AH), = —55.2 kJ/mol and AS), = -117 
J/deg-mol at 25°C.) 


Answer: 


To calculate an approximate value of [M]e, consider the monomer and the polymer in their standard states 
and assume that there is no significant temperature dependence of enthalpy or entropy of polymerization so 
that the AH; and AS), data can be used. For Te = 373 °K, Eq. (6.168) then yields, 


nM] = (-—55.2x 10° J mol~!) (-117J°K7! mol!) 
© (8.314 J°K-! mol!) (373°K) (8.314 J °K-! mol!) 
= -3.72 = [M]e = 0.024 mol L7! 
Hence, maximum conversion = (1 -—[M]e)x100 = 97.6% 


6.12 Molecular Weight Distribution 


As we have seen in previous sections, the radical chain polymerization involves several possible 
modes of chain termination — disproportionation, coupling, and various chain transfer reactions. 
These contribute to the complexity of molecular weight distribution. Further complication arises 
due to changes in monomer and initiator concentrations with conversion, dependence of termi- 
nation rate constants on polymer size, and concentration or autoacceleration effects. For poly- 
merizations at low conversions, these additional effects can be neglected and molecular weight 
distributions can be easily calculated, though at high conversions the distributions may be signifi- 
cantly different. 


6.12.1 Low-Conversion Polymerization 


A propagating radical may add a monomer molecule to continue propagation or it may undergo 
chain transfer or bimolecular chain termination reaction. The probability that it will add monomer 
is then (Rudin, 1982) : 

Rp 


P = Po 6.169 
Rp + Rr + R, ( ) 


where Rp, Rj, and R, are the rates of propagation, chain transfer, and termination, respectively. 
Concentrations being approximately constant at low conversions, these rates are given by 


Rp = k [M]M'] (6.170) 
Re = kem[M*][M] + kri Mo] I] + krs (M* 10S] (6.171) 
R, = 2kie + kia) (MP? (6.172) 


The last term in Eq. (6.171), using the symbol S for solvent, does in fact include the effects of any 
chain transfer agent but transfer to polymer is not included in this equation because such transfer 
can be significant only at high conversions where sufficient polymer is present. 
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6.12.1.1 Termination by Disproportionation and/or Transfer 


Let us first consider the polymerization where each propagating chain results in the formation of 
one dead polymer molecule, that is, each polymer molecule consists of one kinetic chain. This 
happens when the chain radical is terminated by disproportionation and/or chain transfer (1.e., kte 
= 0). The probability situation in this case is almost identical to that for linear, reversible step- 
growth polymerization described in Chapter 5. Thus if we select randomly an initiator fragment at 
the end of a polymer molecule, the probability that the monomer molecule added to this initiator 
(primary) radical has added another monomer molecule is P. Continuing in this way the probabil- 
ity that x monomer molecules have been added one after another is P*~! (see p. 232). Since the 
probability that the radical end of a growing chain has terminated is (1 — P), the probability that 
the polymer molecule under consideration consists of essentially x monomer units is P*~! (1 — P). 
This probability can be equated to the mole fraction of polymer molecules of this size (Rudin, 
1982), that is, 


ny = (1-P)P*! (6.173) 
Equation (6.173) represents the number distribution function. The corresponding weight distribu- 


tion function w,, by direct analogy to that for step-growth polymerization (p. 232), will be written 
as 


w, = xLaPyPp (6.174) 


By analogy with Eqs. (5.50), (5.53), and (5.54) we can then write 


DP, = 1/(—-P) (6.175) 
DP, = (1+ P)/( -P) (6.176) 
DP,,/DP, = 1+P (6.177) 


Though Eqs. (6.173) and (6.174) are formally similar to Eqs. (5.44) and (5.47), respectively, there 
is a very important difference in that the distribution functions in radical chain polymerizations 
apply only to the polymer which has been formed, while those in step-growth polymerization 
apply to the whole reaction mixture. 

Substituting Eq. (6.169) into Eq. (6.175) and noting that for most addition polymerizations, 
Rp > (Riv + R+) (as otherwise high-molecular-weight polymer would not be formed), 


— R, + Rr + R R 
De, oe a (6.178) 
Ry + R Ry + R; 


Insertion of Eqs. (6.170)-(6.172) into Eq. (6.178) and simplification (noting that kre = 0) lead to 


1 I S 2kta 
DP, = CM rai sA + EMP? (6.179) 
which can be easily shown to be identical with Eq. (6.122). 

A consideration of Eqs. (6.175) and (6.176) indicates that high-molecular-weight polymer (i.e., 
large DP, and DP,,) will only be produced if P is close to unity, i.e., if Rp > (Ry + R;). Equation 
(6.177) indicates that the size distribution DP,,/DP,, (also referred to as PDI, the polydispersity 
index) has a limiting value of 2 as P approaches unity. The situation is thus analogous to that for 
linear step-growth polymerization considered in Chapter 5 [cf. Eq. (5.54)]. 
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6.12.1.2 Termination by Coupling 


If chain termination occurs only by coupling or combination, each polymer molecule consists of 
two kinetic chains which grew independently and were joined together following their mutual ter- 
mination. The polymer formed is analogous to a di-chain (f = 2) condensation polymer (Chapter 
5). If P represents the probability of continuation of either chain from one of its units to the next, 
(1 — P) is the probability that a given unit in the chain reacts by termination and the latter can be 
equated to the ratio of terminated to total units. Since two units are involved in each termination 
step, one can then write 


= Z 2Kre [M* | 
1-P = Rf/®p+R) = EM + hI (6.180) 


where krc is the rate constant for termination by coupling. 
Substitution of [M° ] = R,/k,[M] from Eq. (6.12) into Eq. (6.180) and simplification leads to 


1 _ j} 2keRp 
PO 2 [M]? 


(6.181) 


Then, since each molecule consists of two chains, the number-average degree of polymerization 
will be given by [cf. Eq. (6.175)], 


ER 2 k2 [M]? 
DP, = —— = 2+ p M] (6.182) 
(1 -= P) kic Rp 


For the weight-average degree of polymerization, the following equation can be shown (Tanford, 
1961) to be applicable : 


a 2+P 
DP, = 6.183 
» = TS (6.183) 
Hence, 
DP„/DP, = (2+ P)/2 (6.184) 


The ratio in Eq. (6.184) has a limiting value of 1.5 at high polymer molecular weights when 
Rp > R, and P approaches |. This is narrower than the distribution produced in the absence of 
termination by coupling [cf. Eq. (6.177)], which is, however, quite expected. Since the probability 
for coupling between same-sized propagating radicals is the same as that between different-sized 
radicals, polymer molecules of sizes close to the average (and hence of relatively narrow size 
distribution) are more likely. 

The number fraction and weight fraction distributions (Schulz, 1939) are readily shown to be 


n = œ- D0- PP? (6.185) 
w = xœ- 1) -P P? (6.186) 


where each initiator radical is counted as a unit. [Note that Eq. (6.186) is obtained simply by 
multiplying Eq. (6.185) by x/ DP„.] 
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6.12.1.3 Termination by Coupling, Disproportionation, and Chain Transfer 


For polymerization where termination occurs by all three modes, namely, coupling, disproportion- 
ation, and chain transfer, one can derive the size distribution as a weighted combination of the 
above two sets of distribution functions. For example, the weight distribution can be obtained as 
(Smith et al., 1966): 


Wy = wx(1-P)P*! +4(1-w)x(x- DA -PPP (6.187) 


where w is the fraction of polymer material formed by disproportionation and/or chain transfer 
reactions. An expression for P can be obtained by inserting Eqs. (6.170)-(6.172) into Eq. (6.169) 
and using the relation [M° ] = R,/kp[M]. This gives 


DD ow m [S] | 2c + kra) 
P = 1+ Cw + Cling + Sing EM p (6.188) 
The value of w is given by 
Ker M* IM] + kri[M J] + krs[M JIS] + 2kalM:] 
Kem [MIM] + kent fM* I] + kers[M ES] + 2(Kre + kia )IM * 
Cm[M] + GHJ + Cs[S] + 2kiaRp / KIM] (6.189) 


Cu[M] + CiM] + Cs[S] + 2(kre + kra)Rp/k3[M] 


To calculate P and w, and hence wy, from kinetic and theoretical considerations for any polymer 
system, it is thus necessary to have the values of transfer constants (Cm, Cj, Cs), K Jk, kt, and 
kra | (kte + kra). 


Problem 6.35 The bulk polymerization of methyl methacrylate (density 0.94 g/cm?) was carried out at 
60°C with 0.0398 M benzoyl peroxide initiator (Smith et al., 1966). The reaction showed first order kinetics 
over the first 10-15% reaction and the initial rate of polymerization was determined to be 3.93x10~* mol/L-s. 
From the GPC molecular weight distribution curve reported for a 3% conversion sample, the weight fraction 
of polymer of DP, = 3000 is seen to be 1.7x107*. Calculate the weight fraction from Eq. (6.187) to compare 
with this value. [Use the following data: Cy ~0.02; Cy=107, fkg=2.7x10s7!; k, =2.55x10/ 
L/mol-s; fraction of termination by disproportionation = 0.85. ] 

Answer: 


From Eq. (6.24), 
2. 2 
kp = Rp 
ky [M]? (fka) I] 
3.93 x 1074 mol L7! s7!)2 
= . soe OS) — = 0.0163 Lmol™' s~! 
(9.4 mol L7!)2 (2.7 x 10-6 s-!) (0.0398 mol L~!) 


In as much as polymerization rates are measured at less than 10% conversion, it can be assumed that [M] and 
[I] in Eq. (6.188) are equal to their initial concentrations. Therefore, 


1 
Dr 1 + 1075 + (0.02)(0.0398 molL~!)/(9.4 mol L7!) 


(2) (3.93 x 1074 mol L~! s7!) 
(0.0163 Lmol™! s71)(9.4 mol L~!)2 
= 1.0006 = P = 0.9994 
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Since kig/(kte + kia) = 0.85 and kre + kiq = ky = 2.55x 107 L mol`! s™!, it follows that kg = 2.167X 
107 Lmol!s7!. Therefore, 


Koka = (k/ki) (kt kia) 


(0.0163 L mol! s~!)(2.55 x 10’/2.167x 10’) = 0.0192 L mol! s7! 


Substituting the appropriate values in Eq. (6.189) yields w = 0.871. Therefore, from Eq. (6.187), 


(0.871)(3000)(1 — 0.9994)? (0.9994)30% -1 


W3000 
+ 4(1 — 0.871)(3000)(3000 — 1)(1 — 0.9994)? (0.9994)30 -2 


1.8x107* (cf. reported value = 1.7x107*) 


6.12.2 High-Conversion Polymerization 


The size distributions in high-conversion polymerizations are much broader and less predictable 
than those in low-conversion case. A number of factors combine to make this happen. It is seen 
from Eq. (6.102) that the kinetic chain length, and hence the polymer molecular weight, depends 
on the ratio [M]/[I] 1/2 Since [I] usually decreases faster than [M] as the polymerization proceeds, 
the molecular weight of the polymer produced at any instant increases with the conversion. This 
results in broadening of the molecular weight distributions at high conversions with DP,,/DP,, ratio 
exceeding the theoretical limiting value of 1.5 or 2. If, moreover, autoacceleration or gel effect 
also occurs in polymerization, it can lead to even larger broadening. According to Eq. (6.102), the 
molecular weight also depends on the ratio kplky! >| Since autoacceleration is caused by reduction 
in the termination rate resulting in large increases in the kp/kt! ratio, it is always accompanied 
by large increases in the average molecular weight and the breadth of the distribution with the 
DP,,/DP, ratio reaching values as high as 5 to 10. 

In the case of chain transfer to polymer leading to branching, which assumes greater signifi- 
cance at higher conversions when the polymer concentration is high, a further broadening of the 
molecular weight distribution can occur and DP,,/DP,, ratios as high as 20 to 50 can be found in 
practice. In commercial productions of polymers, efforts are always made to minimize molecular 
weight broadening. 


6.13 Polymerization Processes 


Free-radical polymerizations are commonly carried out by four different processes: (a) bulk 
or mass polymerization, (b) solution polymerization, (c) suspension polymerization, and (d) 
emulsion polymerization. A new process, termed “grafting-from” polymerization, has recently 
been added (see later). The processes (c) and (d) are essentially of the heterogeneous type con- 
taining a large proportion of nonsolvent (usually water) acting as a dispersion medium for the 
immiscible liquid monomer. Bulk and solution polymerizations are homogeneous processes, but 
some of these homogeneous systems may become heterogeneous with progress of polymeriza- 
tion due to the polymer formed being insoluble in its monomer (for bulk polymerization) or in 
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the solvent used to dilute the monomer (for solution polymerization). The kinetic schemes earlier 
described in this chapter will apply to free radical polymerizations in bulk monomer, solution, or 
in suspension, but the kinetics of emulsion polymerization, to be discussed later, are different. 

Polymerization in bulk, that is, of undiluted monomer, minimizes any contamination of the 
product. Bulk polymerization is difficult to control, however, due to the high exothermicity and 
high activation energies of free-radical polymerization and the tendency toward the gel effect in 
some cases. 

By carrying out the polymerization of a monomer in a solvent many of the disadvantages of 
the bulk process can be avoided. The solvent acting as a diluent reduces the viscosity gain with 
conversion, allows more efficient agitation or stirring of the medium, thus effecting better heat 
transfer and heat dissipation. Solution polymerization is advantageous only if the polymer formed 
is to be applied in solution as, for example, the making of coating (lacquer) grade poly(methyl 
methacrylate) resins from methyl methacrylate and related monomers. 

Suspension polymerization combines the advantages of both the bulk and solution polymer- 
ization techniques. It is used extensively in the mass production of vinyl and related polymers. 
In suspension polymerization (also referred to as bead or pearl polymerization), the monomer is 
suspended as droplets by efficient agitation in a large volume (continuous phase) of nonsolvent, 
commonly referred to as the dispersion or suspension medium. Water is used as the suspen- 
sion medium for water insoluble monomers because of its obvious advantages. Styrene, methyl 
methacrylate, vinyl chloride, and vinyl acetate are polymerized by the suspension process. 

The size of the monomer droplets usually ranges between 0.1-5 mm in diameter. Suspension 
is maintained by mechanical agitation and addition of stabilizers. Low concentrations of suitable 
water-soluble polymers such as carboxymethyl cellulose (CMC) or methyl cellulose, poly(vinyl 
alcohol), gelatin, etc., are used as suspension stabilizers. They raise the medium viscosity and 
effect stabilization by forming a thin layer on the monomer-polymer droplets. Water insoluble 
inorganic compounds such as bentonite, kaolin, magnesium silicate, and aluminum hydroxide, in 
finely divided state, are sometimes used to prevent agglomeration of the monomer droplets. Initia- 
tors soluble in monomer, such as organic peroxides, hydroperoxides, or azocompounds — often 
referred to as oil-soluble initiators — are used. Each monomer droplet in a suspension polymer- 
ization thus behaves as a miniature bulk polymerization system and the kinetics of polymerization 
within each droplet are the same as those for the corresponding bulk polymerization. At the end 
of the polymerization process, the monomer droplets appear in the form of tiny polymer beads or 
pearls, and hence, the process is also known as bead or pearl polymerization. 


Problem 6.36 A monomer is polymerized at 80°C (a) in benzene solution and (b) in aqueous suspension 
in two separate runs, both containing 60 g of the monomer (density 0.833 g/cm?) and 0.242 g of a peroxide 
initiator in a total volume of | liter. If the initial rate of polymerization for 1 liter of solution is 0.068 mol/h, 
what is the expected initial rate for 1 liter of suspension? (Assume that rate constants and the initiator 
efficiency are same in both cases.) 


Answer: 

Let Ma = molar mass (g/mol) of monomer A; My = molar mass (g/mol) of initiator I. 
(a) Solution (1 liter): [M], mol/L = 60/Ma; [I], mol/L = 0.242/M, 

(b) Suspension (1 liter): 


[MI moVL = (1000 cm?) (0.833 gcm?) _ 833 
pres, T Ma ~ Ma 
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a ease (0.242 g)(1000 cm? L~!) 3.36 
; ~ (Mı gmol~!)(60 g/(0.833 gem?) Mi 


d[M 
(Rpa = 7) = kp(fka/ kð"? IMa Ma 


dt 
(Rp = kp(fkalk)!? [Mp Hy” 
(Rp _ (833/Ma)(3.36/M1)"? Sji 
(Rp)a (60/Ma) (0.242 / M1)! i 
(Rp) = 51.7(0.068 molh™! L!) = 3.5 molh“! L7! 
For 1 liter suspension, volume of monomer = (60 g)/(0.833 g cm~?) = 72 cm? monomer; rate = 


3.5x0.072 or 0.252 mol h™!. 


6.13.1 Emulsion Polymerization 


In emulsion polymerization, monomers are polymerized in the form of emulsions and polymer- 
ization in most cases involve free-radical reactions. Like suspension polymerization, the emulsion 
process uses water as the medium. Polymerization is much easier to control in both these pro- 
cesses than in bulk systems because stirring of the reactor charge is easier due to lower viscosity 
and removal of the exothermic heat of polymerization is greatly facilitated with water acting as 
the heat sink. Emulsion polymerization, however, differs from suspension polymerization in the 
nature and size of particles in which polymerization occurs, in the type of substances used as ini- 
tiators, and also in mechanism and reaction characteristics. Emulsion polymerization normally 
produces polymer particles with diameters of 0.1-3u. Polymer nanoparticles of sizes 20-30 nm 
are produced by microemulsion polymerization (Antonietti et al., 1999; Yildiz et al., 2003). 


6.13.1.1 Qualitative Picture 


The original theory of emulsion polymerization is based on the qualitative picture of Harkins 
(1947) and the quantitative treatment of Smith and Ewart (1948). The essential ingredients in 
an emulsion polymerization system are water, a monomer (not miscible with water), an emulsi- 
fier, and an initiator which produces free radicals in the aqueous phase. Monomers for emulsion 
polymerization should be nearly insoluble in the dispersing medium but not completely insoluble. 
A slight solubility is necessary as this will allow the transport of monomer from the emulsified 
monomer reservoirs to the reaction loci (explained later). 

Emulsifiers are soaps or detergents and they play an important role in the emulsion polymer- 
ization process. A detergent molecule is typically composed of an ionic hydrophilic end and a 
long hydrophobic chain. Some examples are : 


Anionic detergent 
Sodium laurate CH3(CH2);9COO7 Nat 


Sodium alkyl aryl sulfonate Cine LO} SO, Na* 


Cationic detergent 
+ 
Cetyl trimethyl ammonium chloride C16H33 N(CH3)3 C17 
Anionic and cationic detergent molecules may thus be represented by —-e~ and ——+t 
tively, indicating hydrocarbon (hydrophobic) chains with ionic (polar) end groups. 


, respec- 
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Figure 6.14 Schematic of emulsion polymerization showing three phases present. (After Williams, 1971.) 


Let us now consider the locations of the various components in an emulsion polymerization 
system. A micelle of an anionic detergent can be depicted as a cluster of detergent molecules 
(———) with the hydrocarbon chains directed toward the interior and their polar heads in water 
(see Fig. 6.14). In the same way, detergent molecules get adsorbed on the surface of an oil droplet 
suspended in water. Such materials are therefore said to be surface active and are also called 
surfactants. 

When a relatively water-insoluble vinyl monomer, such as styrene, is emulsified in water with 
the aid of an anionic surfactant and adequate agitation, three phases result (see Fig. 6.14): (1) an 
aqueous phase in which small amounts of both monomer and surfactant are dissolved (i.e., they 
exist in molecular dispersed state); (2) emulsified monomer droplets which are supercolloidal in 
size (> 10,000 A), stability being imparted by the reduction of surface tension and the presence of 
repulsive forces between the droplets since a negative charge overcoats each monomer droplet; (3) 
submicroscopic (colloidal) micelles which are saturated with monomer. This three-phase emulsion 
represents the initial state for emulsion polymerization (Fig. 6.14). 

Stage I (see Fig. 6.14) begins when a free-radical producing water-soluble initiator is added to 
the three-phase emulsion described above. The commonly used initiator is potassium persulfate, 
which decomposes thermally to form water-soluble sulfate radical ions: 


a 50-60°C . 
S205 —> = -2SOF (6.190) 
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The rate of radical generation by an initiator is greatly accelerated in the presence of a reduc- 
ing agent. Thus an equimolar mixture of FeSO4 and K2S2Og at 10°C produces radicals by the 
reaction: 


S2047 + Fe?* — Fe** + SOT + SOF (6.191) 


about 100 times as fast as an equal concentration of the persulfate alone at 50°C (Rudin, 1982). 
(Redox systems generally find use for polymerizations only at lower temperatures.) 

The sulfate radical ions generated from persulfate react with the dissolved monomer molecules 
in the aqueous phase to form ionic free radicals ( *——* ): 


SO? + (n+1)M — ~SOq(M),M° (6.192) 


These ionic free radicals can be viewed as soaplike anionic free radicals as they are essentially 
made up of a long hydrocarbon chain carrying an ionic charge at one end and a free-radical center 
at the other (represented as -A—-—°* in Fig. 6.14). They thus behave like emulsifier molecules 
and because of the existence of a dynamic equilibrium between micellar emulsifier and dissolved 
emulsifier they also can at some stage be implanted in some of the micelles. 

Once implanted in a micelle, a soap-like anionic free radical initiates polymerization of the 
solubilized monomer in the micelle. The micelle, thus “stung,” grows in size as the solubilized 
monomer in the micelle is used up and to replenish it more monomer enters the micelle from 
monomer droplets via the aqueous dispersion phase. The ‘stung’ micelle is in this way trans- 
formed into a monomer-polymer (M/P) particle (see Fig. 6.14). Thus in Stage I, the system will 
consist of an aqueous phase containing dissolved monomer, dissolved soap-like free radicals, mi- 
celles, ‘stung’ micelles, M/P particles, and monomer droplets. The rate of overall polymerization 
increases continuously since nucleation of new particles (i.e., conversion of a micelles into M/P 
particles) and particle growth occur simultaneously. For the same reason a particle size distribution 
occurs during stage I. However, at 13-20% monomer conversion, nearly all the emulsifier will be 
adsorbed on the M/P particles and the micelles will disappear. Since new particles mostly origi- 
nate in micelles, with the disappearance of micelles the nucleation of new M/P particles essentially 
ceases. This marks the end of Stage I. 


Problem 6.37 In the model for emulsion polymerization it is assumed that most of the soap-like free 
radicals produced in the aqueous phase enters the micelles rather than the emulsified monomer droplets. 
How would you justify this assumption ? 


Answer: 
The assumption that the soaplike free radicals produced in the aqueous phase enters the micelles rather than 
the emulsified monomer droplets can be justified because of two reasons: 


(a) Micelles have a much higher surface area to volume ratio than the monomer droplets since the former 
are much smaller in size than the latter. Micelles will therefore have a greater probability of receiving the 
soap-like anionic free radicals. 


(b) The number of micelles per unit volume of aqueous phase is much more than the number of monomer 
droplets per unit volume, the typical values of these numbers being 10!8 versus 10!!. 


The monomer droplets can thus be considered to serve primarily as reservoirs of monomer and the num- 
ber of free radicals that might be captured by them can be conveniently ignored. 
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Figure 6.15 Schematic conversion-time curve for a typical emulsion polymerizations showing three main 
stages of the polymerization process. (After Williams, 1971.) 


In Stage II that follows there occurs a continued growth of the existing M/P particles in the 
absence of any new particle nucleation. Free radicals enter only the M/P particles where poly- 
merization takes place as the particles are supplied with monomer from the emulsified monomer 
droplets via the aqueous phase. Stage II thus features a constant overall rate of polymerization 
(Fig. 6.15). It is followed by Stage II which begins when the overall rate of polymerization be- 
gins to deviate from linearity and nonlinear growth rate is observed. The nonlinearity may appear 
(a) as a decrease in rate due to dwindling monomer concentration inside M/P particles or (b) as an 
increase if the Tromsdorff effect becomes important with the monomer reservoirs having already 
disappeared in Stage II and the ratio of monomer to polymer within the particle reduced to a point 
where the reaction becomes diffusion-controlled. 


6.13.1.2 Kinetics of Emulsion Polymerization 


The kinetic analysis here is based on quantitative considerations of the ideal emulsion polymer- 
ization systems which have been described qualitatively in the preceding sections. The treatment 
centers only around Stage I and Stage II (Fig. 6.15), as no general theory for Stage III is available. 


As described above, Stage I is the nucleation period. Ideally, all M/P particles are generated 
in Stage I and they grow in volume and adsorb surfactant molecules, resulting in diminution of 
micelles. For simplicity of calculations, it may be assumed that once polymerization is initiated 
in a particle its volume grows linearly with time at rate u. It may, however, be noted that particles 
are nucleated at different times during Stage I. Hence at time t in Stage I, the volume of a particle 
which is nucleated at time T will be u(t — T), if the volume of the initial micelle is negligible. The 
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area of this spherical particle, asz, will thus be (Smith and Ewart, 1948; Rudin, 1982): 


are = (4P 3u(t -DP (6.193) 


Assuming that radicals nucleate micelles at a constant rate v (i.e., number of radicals/cm? aqueous 
phase/s), vdt particles will be generated in the period dr and the area A; of all particles at time t 
will be given by the sum of the areas of all particles generated till time ¢. Thus from Eq. (6.193) 
one obtains (Smith and Ewart, 1948; Rudin, 1982): 


t 
A = [40 23u’ i t- Pvdr = 0.6[(42)"?3u]?? ot? (6.194) 
oO 


Clearly, no micelles can remain when A; = asws, where ay is the area occupied by unit weight of 
surfactant and w, is the weight concentration of surfactant. Suppose this condition is reached at 
time tc, which then marks the end of Stage I, that is, 


asws = 0.6[(42)'? 3u]?? ot (6.195) 


Primary radicals are produced by thermal decomposition of the initiator I in the aqueous phase. In 
units of number of radicals/em? aqueous phase/s, the rate of radical generation, R,, is 


R, = 2Nay ka [I] (6.196) 


where Nay is Avogadro’s number. The fraction of radicals that enter particles may be taken as 
the ratio of the area of all particles to that of the total surfactant/water interface, that is, A; /asws. 
Since nucleation is caused by radicals that enter micelles rather than particles, one may write 
(Rudin, 1982): 


v = R,[1—A;/asws] (6.197) 


Combining Eqs. (6.195) and (6.197) and solving for te with the assumption that A;/(asw;) « 1, 
one obtains 


te = 0.53 (asws/R) E /u’4 (6.198) 


Thus, the number of particles per unit volume of aqueous phase, Np, at the end of Stage I is (Smith 
and Ewart, 1948): 


Np = Ute = 0.53(asws)°®(R,/u)?4 (6.199) 


This equation indicates that the particle number depends on the 0.6 power of the surfactant con- 
centration and on the 0.4 power of the initiator concentration (through R,). Typical values (Rudin, 
1982) pertaining to emulsion recipes are: Ny ~ 10!5 — 10!° per cm? of aqueous phase, R, ~ 


10!2 — 10!4 radicals cm~? s~!, asws ~ 10° cm?/cm? aqueous phase, u ~ 10-29 cm? s7!, 
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Problem 6.38 An emulsion polymerization recipe has the following composition : 


Styrene (density 0.9 g/cm”) 100 g 
Water (density 1.0 g/cm?) 200 g 
KyS 20g 0.3 g 
Sodium lauryl sulfate 3g 


Calculate the number of polymerizing particles per liter of water using the following additional data: surface 
area per surfactant molecule = 4x10715 cm?; rate of volume increase of latex particle = 5x107” cm3/s; 
ka of K2S203 at 50°C = 1.7x10~° s7!. 


Answer: 


Molar mass of sodium lauryl sulfate = 288 g mol! 


(4x 10715 cm? molecule!) (6.02 x 1023 molecules mol`!) 


ás = 
(288 g mol™!) 
= 0.836x10” cm? g`! 
(3.0 g) (1000 cm? L7!) = 
ie (200 cm) hee 
(asw) = 7.23104 cm!? L--6 
0.3 g)(1000 cm? L~! 
m = LIDU L i iss mele 


(270 gmol™!) (200 cm?) 
R, = 2ka [I] Nay 
= 2(1.7x10~° s~!)(0.0056 mol L~!)(6.02 x 107? mol!) 
= 1.146x10! L! s7! 


= 1393x10!4 L24 cml? 


(1.146 x 10!6 L7! s71) ]°4 
(5x 10-29 cm? s7!) 


R, 0.4 
N, = 0.53 (asw (=) 


= 0.53 (7:23 107 cm!? L-06) (1.393 x 10!4 ont? L04) 
= 534x10" L7! 


Here L7! implies per liter of aqueous phase. 


In Stage II the conversion is linear with time (see Fig. 6.15) as micelles have already disappeared 
and no new particle is nucleated. The number of M/P particles N, in Stage II is fixed at the value 
formed in Stage I and is given by Eq. (6.199). 


Rate of Polymerization For estimating the rate of polymerization in Stage II, one may gener- 
ally assume that free radicals enter the particles singly. For example, considering typical values 
pertinent to emulsion polymerization, if the rate of generation of free radicals (R,) in the aqueous 
phase is 10!4 per second per milliliter and the value of the number of polymer particles is 10!5 per 
milliliter, then assuming that all the radicals generated eventually enter M/P particles (since there 
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Rate of polymerization 
per particle 


Figure 6.16 A bar diagram showing the effect of rate of radical entry into particle on rate of polymerization 
per particle (Rpp). The total period of activity (sum of shaded regions) is not changed even if the rate of 
radical entry into particle is increased from R,p to 2R,p and further to 3R,p. (After Williams, 1971.) 


are no micelles) the rate of radical entry into a particle will average out to about 0.1 radical per 
second, i.e., one radical every 10 seconds. 

When a (soap-like) free radical enters a M/P particle, it initiates the polymerization of monomer 
in the particle, but the polymerization is terminated when another free radical enters the same par- 
ticle (since, as a simple calculation using known k; values shows, two radicals cannot coexist in 
the same polymer particle and they would terminate mutually within a few thousands of a second). 
The particle thereafter remains inactive till another free radical enters and initiates the polymer- 
ization afresh. Thus, if a radical enters a M/P particle every 10 seconds as calculated above, the 
particle will experience alternate periods of activity (growth) and inactivity (no growth), each of 
10 seconds duration. In other words, each particle will remain active for half of the total time (and 
inactive for the other half) and this situation will remain unchanged even if there is a change in 
the rate of radical entry into the particle. This feature becomes apparent from the bar diagram of 
Fig. 6.16, where the rate of polymerization within a particle, Rpp, for various rates of free radical 
entry into a particle is shown. One would notice that the total area of active period (shaded in 
Fig. 6.16) is the same in each case. The rate of polymerization per particle can thus be considered 
to be independent of the rate at which radicals enter into it. The aforesaid concepts are known 
collectively as the Smith-Ewart Theory, Case II. 

The rate of polymerization in a M/P particle, Rpp, is given by 


Rpp = kp[M]@/Nay) (6.200) 


where [M] denotes the monomer concentration in the M/P particles and 7 the average number of 
radicals per particle; Na, is Avogadro’s number. 

Since according to the Smith-Ewart theory, the growing particle contains a free radical only 
half the time, 7 can be taken as 1/2 and the rate of polymerization per particle is then 


Rp = HMI (6.201) 
Pp 2Nay : 
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If Rpp is constant and the number of particles per unit volume, Np, is constant, then the overall rate 
of emulsion polymerization per unit volume, Rp, is simply given by 
d[M] Np kp [M] 


SERE Saks lpi ese, | SBI 6.202 
R 2N Av ( ) 


Substituting for N, from Eq. (6.199) gives 


0.4 

Rp = 0.53(asws)?® (=) l (6.203) 
According to the simple Smith-Ewart model described above, the rate of polymerization in Stage 
II will depend on the 0.6 power of the surfactant concentration (ws) and the 0.4 power of the rate 
of radical generation in aqueous phase, R,, which in turn is related to the aqueous phase initiator 
concentration, [I], through Eq. (6.196). It is significant that although Eq. (6.203) gives the rate 
of polymerization in Stage II, the value of [I] that applies to the R, term in this equation does in 
fact refer to Stage I where the particles are formed. Therefore, if the above model is valid, adding 
initiator again in Stage II would have no effect on the rate of polymerization. 


Problem 6.39 The experimental value of dynamic concentration of styrene in polymer latex particles under 
the conditions of constant rate in emulsion polymerization has been found to be 5.2 mol/liter. Assuming this 
value to be applicable, calculate the rate of polymerization per liter of aqueous phase in Stage II of the reaction 
of the emulsion polymerization recipe given in Problem 6.38. (Data: kp for styrene at 50°C= 131 L mol"! 
s7! .) 

Answer: 

From Eq. (6.202), 


Np kp [M] /2N av 


(5.34 x 10!8 L7!) (131 L mol7! s7!) (5.2 mol L7!) 
2(6.02 x 1023 mol!) 
3.0x 107 molL7! s7! 


Here L7! implies per liter of aqueous phase. 


Degree of Polymerization Once inside the M/P particle, a radical propagates at a rate rp given 
by 


rp = kp[M] (6.204) 


where [M] is the concentration of monomer inside the M/P particle. The rate re at which a radical 
enters a polymer particle in Stage II is given by 


re = R,/Np (6.205) 


where R, is the rate of generation of free radicals per unit volume in the aqueous phase [Eq. 
(6.196)] and N, is the number of M/P particles per unit volume. Equation (6.205) is based on the 
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assumption that all radicals generated in the aqueous phase eventually enter the M/P particles, that 
is, radical capture efficiency is 1. Since termination reaction takes place as soon as a radical enters 
an active or “living” M/P particle (i.e., in which a polymer chain is propagating), re is also equal 
to the rate of termination of a polymer chain. Hence the degree of polymerization will be given by 


DP, =- 2 =- fee (6.206) 
Fe R, 
assuming, however, that chain transfer of any kind is negligible. Equation (6.206) shows that 
the degree of polymerization DP,, like the rate of polymerization R, [Eq. (6.202)], is directly 
dependent on the number of particles. Thus, unlike polymerization by the bulk, solution, and 
suspension techniques, that by the emulsion technique permits simultaneous increase in rate and 
degree of polymerization by increasing the number of polymer particles (Np), that is, by increas- 
ing the surfactant concentration, at a fixed rate of initiation. This possibility of combining high 
molecular weight with high polymerization rate is one reason for the popularity of the emulsion 
technique. 
Substituting Eqs. (6.196) into Eq. (6.206) one obtains 


=» _ MkM] 


DP 6.207 
"n = Nakal] (S 


The initiator concentration here is that which exists at a given instant in Stage II. 


Problem 6.40 A particular emulsion polymerization yields polymer with M„ = 200,000. How would you 
adjust the operation of an emulsion process to produce polymer with M, = 100,000 in Stage II without, 
however, changing the rate of polymerization, particle concentration, or reaction temperature ? 


Answer: 

According to Eq. (6.207), DP„ œ 1/[I], since Np is constant. So DP, can be reduced to half by adding 
more initiator in Stage II so that [I] is doubled. The rate of polymerization [Eq. (6.203)] and the particle 
concentration [Eq. (6.199)] will not be altered because the [I] value which is operative in these relations 


is that for Stage I. An alternative procedure would involve addition of chain transfer agents in appropriate 
concentrations. 


For making large-particle-size latexes by the emulsion technique one can resort to a seeded 
polymerization process. In this a completed “seed” latex is diluted to give the desirable value of 
Np particles per liter of emulsion but no additional surfactant is added (so no new polymer particles 
are formed). When monomer is fed and initiator is added, polymerization occurs in the previously 
formed particles which grow further as monomer diffuses into them and is converted (see Problem 
6.41). 


Problem 6.41 A polystyrene latex produced by emulsion polymerization contains 10% by weight of poly- 
mer particles (average diameter 0.20 um). It is decided to grow these particles to a larger size by slowly 
adding to the latex 2 kg of monomer per kilogram of polymer as polymerization proceeds at 60°C without 
any new addition of emulsifier. The reaction is to be carried out until all monomer has been added to the 
reactor and then till the weight ratio of monomer to polymer has come down to 0.2. The unreacted monomer 
is then to be removed by steam stripping (Rodriguez, 1989). 
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Determine (a) the time required to reach the desired conversion and (b) the final particle diameter. [Data : 
kp at 60°C = 165 L mol`! s~!. Density: monomer = 0.90 g/cm’; polymer = 1.05 g/cm?; dynamic 
solubility of monomer in polymer = 0.6 g monomer per gram polymer.] 

Answer: 


To calculate the time of reaction, two consecutive periods have to be considered : (i) period with zero order 
in monomer (until the monomer reserve is exhausted) and (ii) period with first order (until the required 
conversion is reached). 
Basis: 1000 g latex (900 g water + 100 g polymer) 

Monomer to be added = 2x100 or 200 g 

Monomer to be converted = x g 


=> x = 150 


200 — 
Reaction to be stopped when ( z) = 


100 +x 
Monomer to be removed = (200 — 150) or 50g 


Monomer concentration when reaction is to be stopped is 


[(50 g monomer) /(104 g mol~!)](1000 cm? L7!) 


= 1.64 molL7! 
(250 gpolymer)/(1.05 g cm73) + (50 g monomer) /(0.90 g cm7?) 
Dynamic concentration of monomer in particles is 
0.6 104g mol7!)](1000 cm? L7! 
[(0.6 gmonomer)/(104.g mol )]( cm ) = 3.56 mol L! 


(1 gpolymer)/(1.05 g cm73) + (0.6 gmonomer)/(0.90 gcem73) 


Let the amount of monomer remaining unconverted at the end of zero-order period be y gram. Therefore, 


[(y g)/(104 g mol™!)](1000 cm? L7!) 


Se | 356 mol 
[(300 — y)/1.05] cm? polymer + (y/0.9) cm? monomer ma, 


Solving, y = 112.4 g 
Number of particles (N Es ) in 1 kg of original latex : 


Initial diameter of particle = 0.2m = 0.2x1074 cm 
Volume/particle = (7/6) (0.2x1074 cm) = 4.19x107!5 cm? 


N’ = (100 g polymer) 1 
p 7 3) -15 cm3 
(1.05 gem’) (4.19x10 cm?) 
= 22.7x10! 


Rate of conversion in zero-order period is : 


(22.7 x 10!5 particles kg~!)(165 L mol! s~!)(3.56 mol L7!) 
2(6.02 x 1023 particles mol7!) 
11.1x10~ mol s7! kg~! (= 4.0 107? mol h7! kg~!) 


Nj kp[MI/2Nav 


(i) Zero-order period: 


Monomer converted per 1 kg original latex = 200 — 112.4 or 87.6 g (= 0.84 mol). 
Therefore, 


Time forconversion = (0.84 mol kg~!)/(4.0x 10-7 mol h7!kg~!) = 21h 
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(ii) First-order period: 


From Eq. (6.202), 


-dln[M]/dt = Nykp/2Nay 
Integrating and solving for t, 


Npkp 


Here N, is the number of particles per liter of latex. It can be taken, without any significant error, to be equal 
to the number of particles in 1 kg of latex, N p . Thus, 


AA 2 In[(3.56 mol L~')/(1.64 mol L~')] (6.02 x 10? particles mol™!) rar 
j (22.7x10!5 particles L7!) (165 L mol7! s-!) (3600 s h7!) J 


(a) Total time = (21+ 69) or 90h. 


(b) Final particle diameter, d : 


(100 g) + (150 g) 


ae 
(d/0.2 um? = TT 


= 2.5 => d = 2.7 um 


6.13.1.3 Other Theories 


A number of workers have suggested that emulsion polymerization may not occur homogeneously 
throughout a polymer particle but either at the particle surface (Sheinker and Medvedev, 1954) or 
within an outer monomer-rich shell surrounding an inner polymer-rich core (Grancio and Williams, 
1970). The latter has been referred to as the shell or core-shell model and has been proposed to 
explain the apparent anomaly between the observed constant rate behavior up to about 60 percent 
conversion, which according to Eq. (6.202) requires [M] in the M/P particle to be constant, and 
the considerable experimental evidence indicating that emulsified monomer droplets (which serve 
as monomer reservoirs) disappear at 25 to 30 percent conversion and the monomer concentration 
drops thereafter. 

According to the core-shell model, the growing particle has a heterogeneous rather than a 
homogeneous composition, and it consists of an expanding polymer-rich (monomer-starved) core 
surrounded by a monomer-rich (polymer-starved) outer spherical shell (Grancio and Williams, 
1970). It is the outer shell that serves as the major locus of polymerization by the Smith-Ewart 
(on-off) mechanism, while practically no polymerization occurs in the core as it is starved of 
monomer. Reaction within an outer shell or at the particle surface would be most likely to be 
operative for those polymerizations in which the polymer is insoluble in its own monomer or 
under conditions where the polymerization is diffusion-controlled such that a propagating radical 
cannot diffuse into the center of the particle. 
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6.13.2 Photoemulsion Polymerization 


A combination of photopolymerization and conventional emulsion polymerization has been used 
recently (Guo et al., 1999) for the synthesis of well defined polyelectrolyte brushes (Fig. 6.17). 

[The term “brush” denotes a layer of polymeric chains strongly attached with one end to the 
surface of a substrate and with significant overlap of the chains (Israelachvili, 1992).] The pro- 
cess described for the synthesis of spherical polyelectrolyte brushes consisting of a polystyrene 
(PS) core and a shell of poly(acrylic acid) chains, attached to the PS-surface by covalent bonds, 
proceeds in three steps, as shown in Fig. 6.18(a). In the first step, a PS latex is prepared by conven- 
tional emulsion polymerization using a surfactant such as sodium dodecyl] sulfonate and a water 
soluble initiator such as potassium persulfate. In the second step, a thin polymeric shell is gener- 
ated on the core particles by the polymerization of a vinyl group containing photoinitiator, such as 
2-[p-(2-hydroxy-2-methyl propiophenone)]-ethylene glycol-methacrylate (HMEM) (Fig. 6.18b), 
which is, however, added under starved conditions in order to avoid formation of new particles and 
to ensure a well-defined core-shell morphology of the resulting particles. The polymer of HMEM 
formed on the surface during this second emulsion polymerization acts as a photoinitiator in the 
third step, in which the HMEM-covered particles are irradiated with UV light. 

The emulsion polymerization in the third step is carried out in the presence of a water soluble 
monomer, such as acrylic acid. The radicals formed by the photolysis of HMEM (Fig. 6.18b) on 
the surface start radical chain polymerization by a “grafting-from” technique (see Section 6.13.3) 
thus generating chains of poly(acrylic acid). The polymer chains remain bound to the surface by 
an ester bond which can be cleaved by hydrolysis to obtain the polymer for analysis. Thus the 
molecular weight of the bound polymer chains can be determined which gives their contour length 
Le. The thickness L of the brush (Fig. 6.17) attached to the surface of the particles can be deduced 
from the hydrodynamic radius as measured by dynamic light scattering. 


Figure 6.17 Schematic representation of a spherical polyelectrolyte brush in which linear chains of poly(acrylic 
acid) (PAA) are chemically grafted onto the surface of a colloidal polystyrene (PS) particle. L denotes thick- 
ness of the PAA brush. (From Guo and Ballauff, 2000. With permission from Americam Chemical Society.) 
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Figure 6.18 Schematic description of the method of preparation of spherical polyelectrolyte brushes by 
photoemulsion polymerization : (a) general scheme; (b) photodecomposition of initiator HMEM. (After Guo 
and Ballauff, 2000.) 


It should be noted that since two radicals are generated for each decomposed initiator molecule 
(Fig. 6.18b), only half of the generated polymer will be attached to the surface, while the other 
half will grow in solution and must subsequently be removed from the latex, such as by extensive 
serum replacement against pure water (Guo et al., 1999; Guo and Ballauff, 2000). 

The method in the third step producing a photochemical reaction in an emulsion medium has 
been referred to as photoemulsion polymerization. The strong turbidity of the latex system presents 
no obstacle for photoinitiation, however, because the incoming light is scattered elastically. The 
light that is not absorbed by the photoinitiator on the surface of the particles is scattered, even- 
tually reaching other particles to start a new radical. This method allows one to obtain narrowly 
distributed polymer brushes by photoemulsion polymerization despite the strong turbidity of these 
suspensions (Guo and Ballauff, 2000). While the radius of the core latex particles depends on the 
conventional emulsion polymerization in the first step, the method of photoemulsion polymeriza- 
tion allows one to vary the contour length L, of the attached chains, and hence the thickness L of 
the polymer brush, independently. 


6.13.3 “Grafting-From” Polymerization 


In order to modify the surface properties of inorganic materials (e.g., silica gels, silicon wafers), 
they are often coated with ultrathin films prepared from a large variety of polymers (Halperin et 
al., 1992). Till recently, most such systems were based on the physisorption of already formed 
polymers. However, the interaction between the polymer and the surface is usually not strong as 
in most cases it is caused only by van der Waals forces or hydrogen bonding. A much stronger ad- 
hesion between the polymer chains and the substrate results if the macromolecules are covalently 
bound to the surface. A common way to achieve this is to synthesize end-functionalized polymers 
and react them with appropriate surface sites (“grafting-to” technique). However, this technique is 
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intrinsically limited to low graft densities and low film thicknesses, as only very small amounts of 
polymer (typically, less than 5 mg/m?) can be immobilized to the substrates (Prucker and Riihe, 
1998). 

A more promising approach is to use surface immobilized initiators for in situ generation 
of grafted polymers (“grafting-from” polymerization). In most such systems described in the 
literature (Engel, 1980), an anchor molecule is immobilized at the surface of the substrate and the 
initiating species (usually azo compounds for polymerization of vinyl monomers) is linked to this 
anchor molecule in one or several additional reaction steps. This procedure of stepwise generation 
of the monolayers usually leads to low densities of the surface-attached initiator (and polymer, 
subsequently) besides giving rise to the possibilities of incomplete conversion and formation 
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Figure 6.19 Schematic representation of the “grafting-from” technique for the preparation of terminally 
attached polymer monolayers by radical chain polymerization. (After Prucker and Rühe, 1998.) 
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Figure 6.20 Self-assembling of an azomonochlorosilane containing ester group on the surface of silica gel. 
(After Prucker and Rühe, 1998.) 


of structures other than the initiator. In these systems, moreover, there is no simple way to detach 
the grafted polymers quantitatively to make them available for standard techniques of analysis or 
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other purposes. 

The aforesaid problems are avoided in a more recently developed technique (Prucker and Rühe, 
1998) in which the initiator containing a cleavable group and an anchoring group is self-assembled 
on the surface of the substrate (Fig. 6.19) and then activated in the presence of a monomer to ini- 
tiate in situ polymerization at the surface. The presence of the cleavable group then allows for 
degrafting of the generated macromolecules for analytical purposes. In a typical example, an 
azomonochlorosilane containing a cleavable ester group is linked to the surface of the silica sub- 
strate through a base-catalyzed condensation reaction (Fig. 6.20). Polymer monolayers covalently 
attached to the surface of the silica gel can then be generated by radical polymerization in situ. 

The “grafting-from” polymerization technique has attracted a great deal of attention because 
polymer brushes (Fig. 6.17) can be generated with high grafting densities of surface-attached neu- 
tral macromolecules as well as polyelectrolytes (Guo and Ballauff, 2000). While the aforesaid 
techniques produce grafting-from polymers or polymer brushes on flat substrates, a novel proce- 
dure to generate polyelectrolyte brushes by grafting-from polymerization inside a hollow-capsule 
microreactor has been recently reported (Choi et al., 2005). Figure 6.21 illustrates the fabrication 
of polyelectrolyte hollow capsules with initiator bound on the inner wall and subsequent grafting- 
from polymerization inside the capsules. In this procedure, hollow capsule reactors coated inside 
with initiator are fabricated by the layer-by-layer (LBL) assembly technique (Antipov et al., 2001) 
on melamine formaldehyde (MF) colloidal particles using poly(allylamine hydrochloride) (PAH) 
and poly(styrene sulfonate) (PSS) as the positive and negative polyelectrolytes and potassium per- 
oxodisulfate as the water-soluble initiator, followed by removal of the template MF core by treat- 
ment with 0.15 M HCI (pH < 1). Poly(styrene sulfonate) bound to the inner wall of the hollow 
capsules has then been formed by dispersing the water soluble monomer styrene sulfonate (SS) in 
a suspension of the initiator-bound hollow capsules at 70°C. The hollow capsule can also be used 
as a novel submicroreactor to control polymerization behavior (Choi et al., 2005). 
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Figure 6.21 Schematic description of the steps used for fabricating hollow capsules (coated inside with 
potassium persulfate initiator) and grafting-from polymerization of styrene sulfonate (SS) inside the capsules. 
(From Choi et al., 2005. With permission from John Wiley & Sons, Inc.) 
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6.14. Living Radical Polymerization 


Living polymerization was discovered in anionic system by Szwarc (see p. 476) in 1950, which, 
as we shall see in Chapter 8, offers many benefits including the ability to control molecular weight 
and polydispersity and to prepare block copolymers and other polymers of complex architecture. 
Many attempts have then been made to develop a living polymerization process with free-radical 
mechanism so that it could combine the virtues of living polymerization with versatility and con- 
venience of free-radical polymerization. Considering the enormous importance and application 
potential of living/controlled radical polymerization techniques, these will be considered in detail 
in another chapter (Chapter 11) with a state-of-the art discussion on the subject. 
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EXERCISES 


6.1 


6.2 


6.3 


When a peroxide P is heated to 60°C in an inert solvent it decomposes by a first order process and 20% 
of the peroxide decomposes in 60 min. A bulk monomer is polymerized using this initiator at 60°C, 
the initial concentration of the letter being 4.0x10~+ mol/L. What fractions of the monomer and the 
initiator should remain unconverted after 10 min? At 60°C, the system parameters are ki lke = 22.34L 
mol"! s-!, f =0.8. 

[Ans. Monomer 0.67; Initiator 0.963] 


A solution of 100 g/L acrylamide in methanol is polymerized at 25°C with 0.1 mol/L isobutyryl perox- 
ide whose half life is 9.0 h at this temperature and efficiency in methanol is 0.3. For acrylamide, ki lke 


= 22 L mol-1 s7! at 25°C and termination is by coupling alone. (a) What is the initial steady state 
rate of polymerization ? (b) How much polymer has been made in the first 10 min of reaction in 1 L of 
solution ? 

[Ans. (a) 0.37 g L7! s7!; (b) 89.4 gL7!] 


A dilatometer which has a 50 cm long capillary (diameter 0.2 cm) has a total volume of 50 cm? (in- 
cluding the volume of capillary). The dilatometer was filled with a freshly distilled sample of methyl 
methacrylate (MMA) containing 0.25 wt% benzoyl peroxide and then immersed in a water bath (at 
50°C) so that the capillary tube protruded from the water. When the volume of the solution began to 
decrease after coming to thermal equilibrium and overflowing the capillary, the fall in liquid level in 
the capillary was determined periodically from the scale on the dilatometer. This yielded the following 
data: 
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6.4 


6.5 


6.6 


6.7 


6.8 


6.9 


6.10 
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Time (s) Ah (cm) | Time (s) Ah (cm) 


480 1.48 4080 13.56 
1200 4.09 8280 27.24 
1920 6.46 9600 31.91 


Determine the kinetic parameter kyl? at 50°C, given that f = 0.80 and kg = 1.11x10~ sé! at 50°C. 
[Density (g/cm? at 50°C): MMA 0.893; PMMA 1.160] 
[Ans. 0.0948 mol!/2 L-12 s-!/2] 


Photoinitiated polymerization of methyl methacrylate (1.0 M in benzene) is carried out using a pho- 
tosensitizer and 3130 A light from a mercury lamp. If the quantum yield for radical production in 
this system is 0.50 and light is absorbed by the system at the rate of 10° ergs/L-s, calculate the rate of 
initiation. 

[Ans. 2.6x1078 mol L~! s7!] 

The peroxide (thermal homolysis) initiated polymerization of a monomer follows the simplest kinetic 
scheme represented by Eq. (6.24). For a polymerization system with [M] = 4 mol/L and [I], = 0.01 
mol/L, the limiting conversion Poo = 0.10. To increase Poo to 0.20, 

(a) would you increase or decrease [M], and by what factor ? 

(b) would you increase or decrease [I], and by what factor ? 

(c) would you increase or decrease the reaction temperature ? 

[Ans. (a) no effect; (b) increase by a factor of 4.5; (c) decrease temperature] 


One hundred liters of methyl methacrylate containing 10.2 moles of an initiator (1/2 = 50 h) in solution 
is polymerized at 60°C. Calculate (a) the kinetic chain length in this polymerization and (b) the amount 
of polymer formed in the first 1 h of reaction. [Data: monomer density 0.94 g/cm?; ky =515L mol"! 
sl; ky =2.55x10’7 L mol`! s™!; f =0.3.] 

[Ans. (a) 1397; (b) 70 kg] 


Calculate the time needed to convert half of charge of methyl methacrylate (10 g per 100 mL solution) 
to polymer using benzoyl peroxide (0.1 g per 100 mL solution) as initiator in benzene at 60°C. What 
number-average degree of polymerization will be expected initially ? What fraction of the initiator will 
remain unused after 50% conversion of the monomer ? [At 60°C, ky = 4.47x10~° s7!; k? Iki = 10-2 
L/mol-s; f = 0.4; termination occurs by both disproportionation (58%) and coupling (42%).] 

[Ans. 24.7 h; 739; 0.67] 


Polymerization of two monomers M; and M3 in homogeneous solutions with the same concentration of 
peroxide initiator and initial monomer concentrations of 0.100 and 0.200 mol/L, respectively, yielded 
5% conversion of the original monomer charge to polymer in 6 min and 18 min, respectively. In another 
series of experiments at the same temperature, monomers M; and Mp have the same concentration ini- 
tially. What should be the ratio of concentration of initiator for Mz compared with that for monomer 
Mj, if the polymers produced initially are required to have the same degree of polymerization ? [As- 
sume f = 1 and chain termination by coupling. ] 

[Ans. [I]o/[]; = 1/9] 


Initiator I, has half the half-life that initiator Ip has at 80°C. Monomer M; polymerizes 4 times as fast 
as monomer Mp at 80°C, when initiator I, is used for both and all the concentrations are the same. 
What is the ratio of degree of polymerization for M; and M; if they are polymerized with initiator I, 
and Ip, respectively, the ratio of monomer concentrations being 1:2 and that of initiator concentrations 
being 1:5 ? It can be assumed that both polymers terminate exclusively by coupling and that the initiator 
efficiencies are equal. 

[Ans. 3.16] 


When bulk styrene (density 0.905 g/cm?) containing a dissolved peroxide initiator is heated at 60°C 
for 90 min, 3% of the styrene undergoes polymerization and the polymer recovered from the solution is 
found to have a number average molecular weight of 67,800. From this information determine kplkt 12 
at 60°C, assuming that termination occurs by coupling alone. 

[Ans. 0.021 L! mol7!2 s-!/2] 
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6.11 


6.12 


6.13 


6.14 


6.15 


6.16 


6.17 


6.18 


6.19 


6.20 


Starting from Eq. (6.86), i.e., the relation [M° ] = [M° ], tanh(t/Ts), and assuming low conversion, show 
that a plot of the fraction of the monomer polymerized versus time t (>> Ts) yields a straight line that 
cuts the time axis at t = T,In2. 


A vinyl polymer with a number-average degree of polymerization of 10,000 was produced by poly- 
merization at 70°C using a peroxide initiator concentration of 4x1074 mol/L. If 4.0% of the initial 
monomer present was converted to polymer in 60 min, what was the initial monomer concentration ? 
The mode of termination is coupling and the initiator is known to have a half-life of 1.0 h at 90°C and 
an activation energy of 30.0 kcal/mol. Assume f = 1.0. 

[Ans. 6.0 mol L7!] 


Using carbon-14 labeled AIBN as an initiator, a sample of styrene is polymerized to an average degree 
of polymerization of 1.28x10*. The AIBN has an activity of 8.97x10’ counts per minute per mol 
in a scintillation counter. If 5.0 grams of the polystyrene show an activity of 315 counts per minute, 
determine the mode of termination of polystyryl radicals. 

[Ans. Coupling 93%, disproportionation 7%] 


In the bulk polymerization of methyl methacrylate at 60°C with azo-bis-isobutyronitr-ile as the ini- 
tiator the initial rates of initiation and polymerization are 1.7x10-© mol/L-s and 8.8x10~* mol/L-s, 
respectively. Predict the initial molecular weight of the polymer formed in this system, if the extent of 
disproportionation is 70% at 60°C. Neglect chain transfer reactions for the calculation. [Ans. 60,800] 


Determine the concentrations (g/L) of initiator (AIBN) and chain transfer agent (n-butyl mercaptan) 
that will give poly(vinyl acetate) with an initial molecular weight (assuming coupling) of 15,000 and 
50% conversion of monomer (initial concentration 250 g/L) at 60°C in 30 min. [System parameters 
(all at 60°C): klk = 0.1824 L/mol-s; ty. of AIBN = 22h; f=1; Cs = 48.] 

[Ans. 15.24 g L7!; 0.027 gL7!] 


The molecular weight of polymer when styrene is polymerized in benzene is 400,000. With all other 
conditions the same, addition of 4.23 mg/L of n-butyl mercaptan decreases the molecular weight to 
85,000. What concentration (mg/L) of n-butyl mercaptan will give a molecular weight of 50,000 (other 
conditions remaining the same) ? 

[Ans. 8 mg L7!] 


In the polymerization of styrene (1.0 mol/L) in benzene initiated by di-t-butylperoxide (0.01 mol/L) at 
60°C, the initial rates of initiation and polymerization are 4.0x107!! mol/L-s and 1.5x1077 mol/L-s, 
respectively. (a) Calculate the initial kinetic chain length. (b) Calculate the initial polymer molecular 
weight, assuming that termination of chain radicals takes place only by coupling, besides chain transfer 
to various species. (c) Indicate how often, on the average, chain transfer occurs per each initiating 
radical from the peroxide. [Data (all at 60°C): Cm = 5.0x10~>; Cy = 7.6x1074; Cs = 2.3x10~6; 
density of benzene = 0.85 g/mL; density of styrene = 0.91 g/mL.] 

[Ans. (a) 3.75x10°; (b) Mn = 4.9x10°; (c) 0.60] 


Consider a free radical polymerization initiated by 107? M AIBN. At 70°C, kg is 4.0x10~> s7! and f 
is close to 0.6. If an inhibitor is to be used to suppress polymerization for an hour, what should be its 
concentration, if every inhibitor molecule accounts for one primary or monomer-ended radical ? 

[Ans. 1.73x1074 M] 


Methyl acrylate (1 mol) is polymerized using 0.001 mol succinic peroxide in 1 liter solution in benzene 
at 60°C. If the polymerization is carried out adiabatically, how much would the temperature rise in 
30 min? [Data (all at 60°C): 1/2 of initiator = 19 h; f = 1; k? lke = 0.460 L/mol-s; AH, = — 18.6 
kcal/mol. ] 

[Ans. 6.0°C] 


A vinyl monomer is photopolymerized in two experiments in which only the temperature is varied. In 
these experiments, the time to convert 20% of the original charge of monomer to polymer is found to 
be 30 min at 60°C and 27 min at 70°C. However, when an organic peroxide is used as the initiator, the 
corresponding times for 20% conversion are 62 min at 60°C and 29 min at 70°C. What is the activation 
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6.28 


6.29 


6.30 


Chapter 6 


energy for the dissociation of the organic peroxide ? 
[Ans. 124 kJ mol7!] 


The half-lives of azobisisobutyronitrile at 50°C and 70°C are 74 h and 4.8 h, respectively. What will 
be the half-life at 60°C ? 
[Ans. 18.1 h] 


In the bulk polymerization of styrene by ultraviolet radiation, the initial polymerization rate and degree 
of polymerization are 1.3x10~> mol/L-s and 260, respectively, at 30°C. What will be the correspond- 
ing values for polymerization at 80°C? The activation energies for propagation and termination of 
polystyryl radicals are 26 and 8.0 kJ/mol. What assumption, if any, is made in this calculation ? 

[Ans. 4.481073 mol L~! s~!; 896] 


A radical chain polymerization conforming to ideal behavior shows the indicated conversions for spec- 
ified initial monomer and initiator concentrations and reaction times : 


[M]o [Tox 10° Temperature Reaction Conversion 
(mol/L) (mol/L) (°C) time (min) (%) 

0.80 1.0 60 60 40 

0.50 1.0 75 70 80 


Calculate the overall activation energy for the rate of polymerization. 
[Ans. 63.8 kJ mol™! (= 15 kcal mol™!)] 


The enthalpy and entropy of polymerization of œ-methylstyrene at 25°C are -35 kJ/mol and — 110 
J/°Ķ-mol, respectively. Calculate approximately the equilibrium constant for polymerization at 25°C 
and 50°C. Comment on the results. 

[Ans. 2.45, 1.22] 


Calculate kp[M]e and kap at different temperatures and hence determine the ceiling temperature for 
pure methyl methacrylate (density 0.940 g/cm? at 25°C) using the following data: A p= 10° L mol"! 
sl, Aap = 10! s7! (assumed), Ep = 26kJ mol™!, Eg, = 82 kJ mol. 

[Ans. Te = 485°K] 


The enthalpy and entropy of polymerization of methyl methacrylate at 25°C are —56 kJ/mol and -117 
J/°K-mol, respectively. For a solution of the monomer (1.0 mol/L), calculate the maximum attainable 
conversion at (a) 25°C, (b) 120°C, and (c) 200°C. 

[Ans. (a) 99.98%; (b) 95.0%; (c) 15.4%] 


For polymerization of tetrafluoroethylene, AH? and AS’ values at 25°C are given as —37 kcal/mol and 
—26.8 cal/°K-mol. Calculate the ceiling temperature (T,) from these two values. Account for the fact 
that in practice poly(tetrafluoroethylene) is found to undergo fragmentation well below the calculated 
Te. 

[Ans. 1380°K] 


If a free-radical polymerization of 1.0 M solution of styrene were being carried out at 100°C, what 
would be the maximum possible conversion of the monomer to polymer, that is, till the polymerization- 
depolymerization equilibrium is reached ? (Data: AH, = —69.9 kJ/mol; AS, = —104.6 J/°K-mol.) 
[Ans. 99.995%] 


Styrene (density 0.90 g/cm? ) was polymerized at 60°C with 0.01 M benzoyl peroxide as the initiator 
[W. B. Smith, J. A. May, and C. W. Kim, J. Polym. Sci., Part A2, 4, 395 (1966)]. The initial rate 
of reaction was obtained as 3.95x1075 mol/L-s. From the GPC molecular weight distribution curve 
reported for a 0.79% conversion sample, the weight fraction of polymer of DP, = 3000 is seen to be 
2.3x1074. Calculate the weight fraction from theoretical distribution function to compare with this 
value. [Data: klk at 60°C = 0.00119 L mol"! s7!; kra/kte = 0.] 

[Ans. 2.2x10~*] 


Monomer A is polymerized in solution at 60°C using a peroxide initiator I which has half-life of 5.0 
h at the same temperature. A 30% conversion of the monomer is obtained in 25 min when the initial 
concentration of A is 0.40 M and the initial concentration of I is 0.04 M. Polymerization of A in 
an emulsion of 8x10!” particles per liter at 60°C yields a conversion rate of 18.1 mol/h/L when the 
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6.31 


6.32 


6.33 


6.34 


6.35 


concentration of A in the particles is constant at 4.0 M. Determine the termination rate constant of A at 
60°C. 
[Ans. 9.73x107 L mol`! s7!] 


What happens to (a) rate of emulsion polymerization, (b) number average degree of polymerization, 
and (c) polymer particle size, if more monomer is added to the reaction mixture during Stage II poly- 
merization ? Explain. 

[Ans. (a) No change; (b) no change; (c) increases] 


The rate of emulsion polymerization of styrene at 60°C during the constant rate period (Stage II) is 
5.6x10~ mol/cm?-min and the number of M/P particles is 1.40x10!> per cm’. Taking kp from Table 
6.4, calculate the dynamic concentration of monomer in particles under these conditions. 

[Ans. 4.8 mol L~!] 


In an emulsion polymerization of isoprene with 0.10 M potassium laurate at 50°C the estimated time 
required for 100% conversion at steady rate is 30 h. The final latex has 40 g of polymer per 100 mL 
with particles of 450 Å diameter. During Stage II, the growing swollen polymer particles contain 20 
g of monomer per 100 mL of swollen polymer. Assuming that there is no change in total volume on 
polymerization, estimate the polymerization rate constant from these data. Assume that the polymer 
has a density of 0.90 g/cm?. 

[Ans. 2.4L mol7! s~!] 


Consider a typical reactor charge for the production of polymer latex: monomer(s) 100, water 180, 
sodium lauryl sulfate (surfactant) 4, potassium persulfate (initiator) 1 (all quantities are in parts by 
weight). What effects do the following changes have on the polymerization rate in Stage II? (a) Using 
8 parts surfactant; (b) using 2 parts initiator; (c) using 8 parts surfactant and 2 parts initiator; (d) 
adding 0.1 part butyl mercaptan (chain transfer agent). 

[Ans. (a) Rp increases by a factor of 1.52; (b) Rp increases by a factor of 1.32; (c) Rp increases by a 
factor of 2; (d) Rp unchanged] 


A 10% (by weight) latex of poly(methyl methacrylate) produced by emulsion polymerization contains 
particles that average 0.2 um in diameter. In order to grow the particles to a larger size it is decided 
to feed 4 kg of monomer into the latex per kilogram of polymer as polymerization proceeds at 60°C 
without further addition of emulsifier. The reaction is to be carried on until all monomer is added to the 
latex and the weight ratio of monomer to polymer has decreased to 0.2. The unreacted monomer is then 
to be recovered by steam stripping. 


Calculate the total time that will be required for reaction and the final particle diameter. [Data: kp at 
60°C = 515 L mol! s!; monomer density = 0.9 g/cm?; polymer density = 1.2 g/cm?; dynamic 
solubility of monomer in polymer = 0.5 g monomer per gram polymer. ] 

[Ans. 42h; 0.64 um] 
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Chapter 7 


Chain Copolymerization 


7.1 Introduction 


We have so far considered free-radical polymerizations where only one monomer is used and the 
product is a homopolymer. The same type of polymerization can also be carried out with a mix- 
ture of two or more monomers to produce a polymer product that contains two or more different 
mer units in the same polymer chain. The polymerization is then termed a copolymerization and 
the product is termed a copolymer. Monomers taking part in copolymerization are referred to as 
comonomers. The simultaneous polymerization of two monomers is known as binary copolymer- 
ization and that of three monomers as ternary copolymerization, and so on. The term multicom- 
ponent copolymerization embraces all such cases. The relative proportions of the different mer 
units in the copolymer chain depend on the relative concentrations of the comonomers in the feed 
mixture and on their relative reactivities. This will be the main subject of our discussion in this 
chapter. 


It should be noted that the chain copolymerization may be initiated by any of the chain ini- 
tiation mechanisms, namely, free-radical chain initiations considered in the preceding chapter, or 
ionic chain initiations, which will be described in a later chapter. While polymerization of a single 
monomer is relatively limited regarding the number of different products that are possible, copoly- 
merization enables the polymer engineer to synthesize an almost unlimited number of products 
with different properties by variations in the nature and relative amounts of the two monomers in 
the feed mixture and to tailor-make polymers with specific properties. Copolymerization is thus 
very important from a technological viewpoint. 


The classification of copolymers according to structural types and the nomenclature for copoly- 
mers have been described previously in Chapter 1. The present chapter is primarily concerned with 
the simultaneous polymerization of two monomers by free-radical mechanism to produce random, 
statistical, and alternating copolymers. Copolymers having completely random distribution of the 
different monomer units along the copolymer chain are referred to as random copolymers. Statisti- 
cal copolymers are those in which the distribution of the two monomers in the chain is essentially 
random but influenced by the individual monomer reactivities. The other types of copolymers, 
namely, graft and block copolymers, are not synthesized by the simultaneous polymerization of 
two monomers. These are generally obtained by other types of reactions (see Section 7.6). 
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7.2 Binary Copolymer Composition — Terminal Model 


Simultaneous polymerization of two monomers by chain initiation usually results in a copolymer 
whose composition is different from that of the feed. This shows that different monomers have 
different tendencies to undergo copolymerization. These tendencies often have little or no resem- 
blance to their behavior in homopolymerization. For example, vinyl acetate polymerizes about 
twenty times as fast as styrene in a free-radical reaction, but the product obtained by free-radical 
polymerization of a mixture of vinyl acetate and styrene is found to be almost pure polystyrene 
with hardly any content of vinyl acetate. By contrast, maleic anhydride, which has very little or 
no tendency to undergo homopolymerization with radical initiation, readily copolymerizes with 
styrene forming one-to-one copolymers. The composition of a copolymer thus cannot be pre- 
dicted simply from a knowledge of the polymerization rates of the different monomers individu- 
ally. The simple copolymer model described below accounts for the copolymerization behavior of 
monomer pairs. It enables one to calculate the distribution of sequences of each monomer in the 
macromolecule and the drift of copolymer composition with the extent of conversion of monomers 
to polymer. 

In order to develop a simple model, one has to necessarily assume that the chemical reactivity 
of a propagating chain (which may be free-radical in a radical chain copolymerization and carbo- 
cation or carboanion in an ionic chain copolymerization) is dependent only on the identity of the 
chain-end monomer unit and independent of the chain composition preceding the end monomer 
unit. This is referred to as the first-order Markov or terminal model of copolymerization. Thus in a 
binary copolymerization of two monomers, M; and Mb, by free-radical mechanism, two different 
types of chain radicals can be identified, namely those (wwwMj ° ) with radical center on M; end 
unit and those (wwwM2° ) with the radical center on M2 end unit. In order to distinguish from 
free-radical homopolymerization, we shall henceforth indicate the free-radical center in copoly- 
merization by an asterisk (x) and represent the two chain radicals by Mf and M3, respectively, 
omitting the polymer chain symbol www. Since each of these chain radicals is capable of adding 
both the monomers, though not usually or necessarily with equal ease, the system will be charac- 
terized by four types of propagation reactions occurring in parallel, as shown below (Rudin, 1982; 
Hiemenz, 1984; Hamielec et al., 1989; Allcock and Lampe, 1990; Odian, 1991): 


WWI) L 4V1] ( . ) 
M + M x > M 7 2 
Bh L $ ( 7 .3) 
M + M3 : > M 7 4 


where Mf and Mž represent the chain radicals of all sizes with the free-radical bearing terminal 
unit being Mı and Mg, respectively; k11, ki2, k21 and kz are rate constants in which the first 
subscript refers to the active center of the propagating chain and the second to the monomer. 
Reactions (7.1) and (7.4) where the reactive chain end adds the same monomer are often referred 
to as homopropagation or self-propagation. Propagation reactions involving addition of another 
monomer (Reactions 7.2 and 7.3) are referred to as cross-propagation or cross-over reaction. It is 
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assumed in the above scheme that the reaction is carried out below the ceiling temperature of both 
the monomers and that the various propagation reactions are irreversible. 

The rates of consumption of the two types of monomers for copolymer formation are given by 
[see Eqs. (7.1) to (7.4)]: 


—d[Mi]/dt = kı (MP][Mi] + kzı [Mž][M;] (7.5) 


-d[M2]/dt = k2[M]] [M2] + k2 [M3] [M2] (7.6) 


The ratio of these two rates, namely d[M; ]/d[Mz], thus gives the relative rates of incorporation of 
the two monomeric units in the copolymer (Rudin, 1982): 


d({Mi} _ ku [M}][M:] + k [M7] [M:] 
d[M2] ki [Mi] [Mo] + k22 [M7] [M2] 


(7.7) 


To remove the concentration terms [M7] and [Mz ] from this expression, a steady state is assumed 
for each chain radical type Mf and MŽ in the reaction mixture. This assumption requires that the 
rate of conversion of M¥ to M3 must equal that of MJ to Mf, or in mathematical terms, 


kio[My}[Ma] = kz [M3][Mi] (7.8) 


Solving Eq. (7.8) for [M7] and substituting in Eq. (7.7) then gives 


kiko. [MZ] [M]? f 
$$ + khi [M] M 
dMi] _ — ko M:] See (7.9) 
d [M2] koi [M3] [Mi] + k2 [M}] M2] 
By defining two parameters (called monomer reactivity ratios), rı and r2, as 
ry = k/k and m = kn/kzn (7.10) 


and substituting them into Eq. (7.9) after dividing the numerator and denominator of the right side 
of this equation by k21 [Ms ] [M2], the result is 


dM] _ (Mil [Mi] + [Mp] aan 
dM] ~ [Mo] [Mi] + r2 [Ma] | 


This is the so-called copolymer equation or the copolymer composition equation. The ratio 
d[M:]/d [M2] representing the ratio of the rates at which the two monomers M; and M3 enter 
the copolymer gives the molar ratio of the two monomer units in the copolymer (being formed at a 
given instant), and hence is referred to as the copolymer composition. According to Eq. (7.11), the 
copolymer composition depends on the concentrations of the two types of monomers in the feed, 
namely, [Mj] and [Mo], and on the kinetic parameters rı and r2, known as the monomer reactivity 
ratios (ratios of propagation rate constants). Since initiation and termination rate constants are not 
involved in Eq. (7.11), the copolymer composition should be independent of the initiator used and 
of the absence or presence of inhibitors/retarders or chain transfer agents. 
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7.2.1 Significance of Monomer Reactivity Ratios 


As defined by Eq. (7.10), the monomer reactivity ratio can be looked upon as the relative tendency 
for homopropagation and cross-propagation. If for a given monomer pair, rı = 0 and hence ky; = 
0, it would mean that M; does not homopolymerize in the presence of M2. Similarly, rı > 1, i.e., 
ki, > kı2 means that Mr preferentially adds M; instead of Mz andr; < 1, i.e., kı2 > ki; means 
that Mf preferentially adds M2. For example, an rı value of 0.5 would mean that Mf adds M2 
twice as fast as Mj. 

It is evident from Eq. (7.10) that the values of rı and r2 refer only to a pair of monomers 
undergoing copolymerization. Thus the same monomer can have different values of rı in combi- 
nation with different monomers, e.g., acrylonitrile has (71, r2) values of (0.35, 1.15), (0.02, 1.8), 
(1.5, 0.84), and (4.2, 0.05) at 50°C in free-radical copolymerization with acrylic acid, isobuty- 
lene, methyl acrylate, and vinyl acetate, respectively, each being designated as M3 and the other 
monomer, acrylonitrile, as Mı. 


Problem 7.1 The above derivation of the copolymer composition equation [Eq. (7.11)] involves the 
steady-state assumption for each type of propagating species. Show that the same equation can also be 
derived from elementary probability theory (Melville et al., 1947; Vollmert, 1973; Odian, 1991) without 
invoking steady-state conditions. 

Answer: 

Let 


Pi; = probability that Mf will add Mj rather than M3. (Here the first subscript 
designates the active center and the second the monomer.) 


Pi2 = probability that My will add M3 rather than M1. 


In the formation of high polymer, the termination occurs rarely. So neglecting it in the present case, one 
may write 


Pı + Pio = 1 (P7.1.1) 


In the same way, 


P2 + Po, = 1 (P7.1.2) 


The probability that propagating species Mf adds an M; unit is equal to the rate of this reaction divided by 
the sum of the rates of all reactions available to this radical (Rudin, 1982; Hiemenz, 1984; Odian, 1991). This 
is the probability P|; that an Mı unit follows an M, unit in the copolymer. Hence 


kıı [MF] [Mz] rı [Mı] 


Py, = = P7.1.3 
1 kui[M}] M] +kpIM}] M] ri [My] + [Mo] Pama 


Similarly, the other probabilities are obtained as 


Po =- — Ml (P7.1.4) 
rı [My] + [M2] 

pte a (P7.1.5) 
[M] + r2 [M2] 

Pa = 2M (P7.1.6) 


[M:i] + r2 [M2] 
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Let x(M,) be the number average sequence length of monomer Mj, that is the average number of Mı 
monomer units that follow each other consecutively in a sequence uninterrupted by M2 units but bounded on 
each end by Mp units. Similarly, let ¥(M2) be the number average sequence length of monomer M3. In order 
to evaluate x(M,) and x(Mz), it is necessary to determine the distribution of sequence lengths of M; and My 
in the copolymer, namely, n,x(M 1) and nx(M2). 

The probability that a given sequence contains x number of Mj, units is equal to the fraction of all My, 
sequences which contain x units. That is to say, it is the number distribution function ny(M1 ) for Mı -sequence 
lengths : 


nMi) = Py - Pu) = PPA! (P7.1.7) 


The derivation of Eq. (P7.1.7) is analogous to that of Eq. (5.44). The fraction of all Mz sequences that 
contain exactly x number of M3 units is similarly derived, yielding 


ny(Mz) = P! (1— Po) = Pa Py! (P7.1.8) 


The number average sequence length of M, is then given by 
IM) = $ naM): x (P7.1.9) 
x=1 


[This is completely analogous to the definition of number average molecular weight M, in Eq. (4.3).] Sub- 
stituting Eq. (P7.1.7) into Eq. (P7.1.9), 


IM) = xP Pi! = PC + 2Py + 3Py + 4Py te ) (P7.1.10) 
yat 


For copolymerization, P44 < 1; so the expansion series in Eq. (P7.1.10) is 1/1 — Py)? and Eq. (P7.1.10) 
reduces to 


P 1 M 
MMi) = ——~ = = = fia D (P7.1.11) 
(1 - Pii) Pi2 [M2] 
In the same way one obtains 
P. 1 M 
IXM?) = a = = 1+ a (P7.1.12) 
(1 — Po) P21 [M:] 


The mole ratio of monomers M, and Mp in the copolymer chain is the same as the ratio of the two number- 

average sequence lengths (Odian, 1991); thus 
d[Mı] _ XM) _ [Mil C [Mil + [M2]) 
d[M] M2) [M2] ([M:;] + r2 [M2] 


(P7.1.13) 


which is identical with Eq. (7.11). 


7.2.2 Types of Copolymerization 


The observed monomer reactivity ratios of different monomer pairs vary widely but can be divided 
into a rather small number of classes. A useful classification (Rudin, 1982; Odian, 1991) is based 
on the product of rı and r2, such as rir? > 0 (with rı « 1,72 K 1), ri > 1,0 < rin < 1, 
and rir2 > 1 (with rı > 1, m2 > 1), representing, respectively, alternating, random (or ideal), 
random-alternating, and block copolymerizations. 
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7.2.2.1 Alternating Copolymerization 


A zero, or a nearly zero, value for the reactivity ratio means that the monomer is incapable of 
undergoing homopolymerization and its radical prefers to add exclusively to the other monomer. 
This leads to alteration of the two monomer units along the copolymer chain. For r; = r2 = 0, Eq. 
(7.11) reduces to d[M,]/d[M2] = 1. Thus, copolymerization of two monomers for whichr; « 1 
and r2 < 1 will tend to produce an alternating copolymer (in which the two monomer units 
alternate in a regular fashion along the chain), irrespective of the composition of the monomer 
feed. 


7.2.2.2 Ideal (random) Copolymerization 


A value of unity (or nearly unity) for the monomer reactivity ratio signifies that the rate of reaction 
of the growing chain radicals towards each of the monomers is the same, i.e., kj} = k12 and kn = 
k21 and the copolymerization is entirely random. In other words, both propagating species Mj and 
M3 have little or no preference for adding either monomer. For rır2 = 1, 


ry = l/m or ka/kn = a (7.12) 
k22 
Equation (7.12) means that k11/k,2 and k21/k22 will be simultaneously either greater or less than 
unity, or in other words, that both radicals prefer to react with the same monomer. All copolymers 
whose rır2 product equals, or nearly equals, 1 are therefore called ideal copolymers or random 
copolymers. Ionic copolymerizations (Chapter 8) are usually characterized by the ideal type of 
behavior. 
For rı = m = 1, Eq. (7.11) reduces to 


d[M:ı]/d [M2] = [M1]/[M2] (7.13) 


which means that the copolymer composition will always be the same as the feed composition. 
The relative amounts of the two monomer units in the copolymer chain are determined by the 
relative concentrations of the monomer units in the feed. 

For rjr2 = 1, Eq. (7.11) reduces to 


d[M:ı]/d [M2] = ri [Mi]/[M2] (7.14) 


The relative amounts of the two monomer units along the copolymer chain are thus determined 
not only by the relative concentrations of the monomer units in the feed but also by the relative 
reactivities of the two monomers. It is thus obvious that if rı and rz are widely different, while 
rır2 = 1, copolymers containing appreciable amounts of both M; and M2 cannot be obtained. 


7.2.2.3 Random-Alternating Copolymerization 


Copolymerizations in which 0 < rır2 < 1 are intermediate between alternating and random types 
and thus can be described as belonging to random-alternating type. Most copolymer systems 
fall in this category. As rır2 product decreases, cross-propagation reactions are favored and the 
monomer units in the copolymer chain show an increasing tendency toward alternation. On the 
other hand, as rır2 approaches 1, the copolymer chain composition becomes increasingly random. 

A special situation for 0 < rır2 < 1 relates to rı >> 1 and r2 « 1 or vice versa. In this case, 
the product composition will tend toward that of the homopolymer of the more reactive monomer 
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and copolymerization cannot occur. For example, when rı > 1 and r2 « 1, both Mr and Ms will 
preferentially add monomer M; till this monomer is consumed, which will then be followed by 
homopolymerization of M2. This is therefore a case of consecutive homopolymerizations (Odian, 
1991). 


7.2.2.4 Block Copolymerization 


If rı > 1, an Mf propagating species would add many units of M; in sucession until the growing 
chain happens to add an M3 unit changing itself from My type to M¥ type. Since r2 is also more 
than 1, the M¥ propagating species would then preferentially add many M3 units in succession 
until an M; unit happens to add, converting the chain again to the Mf type. A block copolymer 
consisting of long sequences of each monomer in the copolymer chain would thus be expected. 
However, if both rı and rz are quite large, the two types of monomers would only undergo simul- 
taneous homopolymerization in each other’s presence. Such combinations of reactivity ratios are, 
however, rare in free-radical copolymerizations, but they can be found in other systems. 


7.2.3 Instantaneous Copolymer Composition 


The copolymer equation (7.11) can be converted to a more useful form by expressing concentra- 
tions in terms of mole fractions. Let fı and fo be the mole fractions of monomers M; and M2 in 
the feed, that is, 


fi = l-f = [Mı]/(M:] + [M2)) (7.15) 


and F; and F> be the mole fractions of monomers M; and Mz in the polymer formed at any instant, 
i.e., 
d[M:] 


F, = l-ħ z d(IMi] + M) (7.16) 


Combining Eqs. (7.15) and (7.16) with the copolymer equation (7.11), one obtains 


rife + fif 


— m 7.17 
rife +2fih + rf PoR 


Equation (7.17), which is also called the copolymer equation, gives the mole fraction of monomer 
M; in the copolymer whose feed contained fı mole fraction of monomer Mı. It is more conve- 
nient to use than its previous form [Eq. (7.11)]. It should be noted, however, that F gives the 
instantaneous copolymer composition and both fı and F; change as the polymerization proceeds. 

Figure 7.1 shows a series of curves for ideal copolymerization (1.e., 7172 = 1) calculated from 
Eq. (7.17). The term ideal copolymerization highlights the similarity between these curves (show- 
ing no inflection points) and those found in vapor-liquid equilibria for ideal liquid mixtures. 

For cases in which rı = r2 = 1, the composition of the copolymer (F1) is always the same as 
the feed composition (f1). Consequently, there occurs no drift in composition with conversion. 
However, for other cases, there occurs a drift in monomer composition as copolymer is formed. 
Therefore copolymer composition changes with conversion and to obtain a constant copolymer 
composition, it becomes necessary to maintain a constant feed composition, such as by adding 
fresh monomer (one that is consumed faster) to the feed. 
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Figure 7.1 Copolymerization diagrams (without inflection points) showing instantaneous composition of 
copolymer (mole fraction F) as a function of monomer composition (mole fraction f1) for copolymers with 
the values of rı = 1/r2 for ideal copolymerization. (After Ghosh, 1990.) 


Problem 7.2 Itis desired to form a copolymer of M; and M3 containing twice as many M; as M2. The 
monomers copolymerize ideally, with monomer reactivity ratios r; = 2.0 and r = 0.5. Describe the feed 
composition one should use to make this copolymer. 


Answer: 


For the desired copolymer, Fı = 2/3. To determine the corresponding fı, rewrite Eq. (7.17) as 


FASE + fif + rfi) = nfi + fih 
and substitute (1 — f1) for f2 to obtain a quadratic equation by appropriate rearrangement : 


fêr (Fi - 1) + fiA- fDF -1 + Arn- fi)? = 0 
firi(Fi -1) + fÊA-2F) + fiA -) + Fir (f?-2fi+1)=0 
f7 (Fi (ri tr2 -2) + 1-11) + fi [2F (r2) - 1] + Fir = 0 (P7.2.1) 


Substituting Fy = 2/3, rı =2, r2 = 0.5, Eq. (P7.2.1) simplifies to If? +fı—1 = 0. Solving, fı = 0.5 as 
the other root, fı = —1, is not meaningful. (To check the result, substitution of fı = 0.5 into Eq. (7.17) gives 
F = 0.667, as required.) 


Since the copolymer formed in this case is richer in M; as compared to feed, the feed composition will 
drift toward lower fı at higher conversion, leading to progressive change in F; and copolymer composition. 
To obtain copolymer of constant composition F; = 2/3, calculated amounts of Mı must therefore be added 
to the monomer mixture, continuously or periodically, to maintain the feed composition at fı = 0.5 as the 
reaction progresses. 


Figure 7.2 shows curves for several nonideal cases, that is, where rır2 # 1. Itis seen that when 
both rı and rz are less than 1 there exists some point on the F;-versus-fı curve where the curve 
crosses the diagonal line representing F; = fi, that is, the copolymer composition equals the feed 
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Figure 7.2 Copolymerization diagrams with inflection points showing composition of copolymer Fj as a 
function of monomer composition fı for the indicated values of the reactivity ratios, r)/r2. (After Ghosh, 
1990.) 


composition. At this point of intersection, polymerization therefore proceeds without change in 
either feed or copolymer composition. Using distillation terminology, azeotropic copolymerization 
is said to occur at such points and the resulting copolymers are called azeotropic copolymers. 

Since all azeotropic copolymers must have a point of constant composition, the critical com- 
position (f)- for the azeotrope can be evaluated by solving Eq. (7.11) with d [M:]/d [M2] = 
[Mi ]/[M2] or Eq. (7.17) with Fı = fı. By doing so, one obtains 


[IMi]) _1-r 
Gal -l-n CLAR) 
and 
fe = A-r) /2 -ri — 12) (7.19) 


Note that fı in the above equation is physically meaningful (0 < fı < 1) only if both rı and r2 are 
either greater or smaller than unity. (If rı = r2 = 1, all values of fı are azeotropic compositions.) 
Since the case of rı > 1, 72 > 1 is uncommon in free-radical systems, the necessary conditions 
for azeotropy in such copolymerizations is that rı < 1, r2 < 1 (see Fig. 7.2). Equation (7.19) 
then predicts the feed composition that would yield an invariant copolymer composition as the 
conversion proceeds in a batch reactor. 


Problem 7.3. When monomers M; and M3 are copolymerized, an azeotrope is formed at the feed ratio of 
1 mol of M; to 2 mol of Mz. Monomer M; is known not to homopolymerize. Will a polymer formed at 50% 
conversion from an initial mixture of 4 mol of M; and 6 mol of M3 contain more of M; or less of M; than a 
polymer formed at 1% conversion ? 
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Answer: 

Since M, does not homopolymerize, rı = 0. Azeotropic feed composition, fı = 1/3 = (1 — r2)/(2 -0 - r2). 
This gives r2 = 0.5. For a feed composition fı = 0.4 and fo = 0.6, Eq. (7.17) with rı = 0 and rp = 0.5 gives 
Fı = 0.36. Therefore the feed composition will drift toward higher fı at higher conversion and hence F} at 
50% conversion will be greater than F; at 1% conversion. 


7.2.4 Integrated Binary Copolymer Equation 


It should be noted that the copolymer equations, Eqs. (7.11) and (7.17), give only the instanta- 
neous copolymer composition, i.e., the composition of the copolymer that is formed instantly at 
a given feed composition at very low degrees of conversion (approximately < 5%) such that the 
composition of the monomer feed may be considered to be essentially unchanged from its initial 
value. For all copolymerizations except when the feed composition is an azeotropic mixture or 
where rı = r2 = 1, the copolymer product compositions are different from monomer feed compo- 
sitions. Thus there occurs a drift in the comonomer composition, and correspondingly a drift in 
the copolymer composition, as the degree of conversion increases. It is important to be able to 
calculate the course of such changes. 


Problem 7.4 A monomer pair with rı =0.2 and r2 = 5.0 is copolymerized beginning with a molar monomer 
ratio [M1 ]/[M2] = 60/40. Assuming that the copolymer composition within a 10 mol% conversion interval is 
constant, calculate instantaneous monomer and copolymer compositions and cumulative average copolymer 
compositions at 10 mol% conversion intervals up to 100% total conversion. Show the results graphically as 
change in composition of the copolymer and the monomer mixture during copolymerization. 


Answer: 
In interval 1: fı = 60/(60 + 40) = 0.60. From Eq. (7.17), Fı = 0.2308. 


At the end of interval 1 (i.e., after 10 mol% conversion), Mı converted = 2.308 mol; M; remaining = 60 — 
2.308 = 57.692 mol; fı = 57.692/90 = 0.641; and Fy = 2.308/10 = 0.2308. 


The residual mixture with fı = 0.641 will be the starting mixture for the interval 2. From Eq. (7.17) then, Fi 
= 0.2631. Hence at the end of interval 2 (i.e., 20 mol% conversion), Mı converted = 2.308 + 2.631 = 4.939 
mol; Mı remaining = 60 — 4.939 = 55.061 mol; fı = 55.061/80 = 0.6883; and F, = 4.939/20 = 0.247. 


The results obtained by proceeding in this way are tabulated below: 


mol% Conversion 


Interval (cumulative) fi Fi Fi 
1 10 0.60 0.23 0.23 
2 20 0.64 0.26 0.25 
3 30 0.69 0.31 0.27 
4 40 0.74 0.37 0.29 
5 50 0.80 0.45 0.32 
6 60 0.88 0.58 0.37 
7 70 0.95 0.79 0.43 
8 80 1.0 1.0 0.50 
9 90 1.0 1.0 0.55 
10 100 1.0 1.0 0.60 


The data in column 3 represent the instantaneous values at the beginning of different intervals. The values are 
assumed to be constant within the respective intervals. The composition data in column 5 relate to mixtures 
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Figure 7.3 Change in the composition of the copolymer and the monomer mixture during copolymerization 
of a monomer pair with (f1)o = 0.60, r4 = 0.20, r2 = 5.0. Data are from Problem 7.4. (After Vollmert, 1973.) 


of different copolymers and, at higher conversions, to mixtures of copolymers and some M; homopolymer. 
The results are shown graphically in Fig. 7.3. 


Comment: If one makes the conversion interval smaller and smaller, this corresponds to an integration of the 
copolymer equation (see below). 


To follow the drift in composition of both the feed and the copolymer formed one needs to 
integrate the copolymer equation. The process being rather complex, the numerical or graphical 
approach of Skeist (1946) based on Eq. (7.17) provides a simple solution to the problem. Con- 
sider a system initially containing a total of N moles of the two monomers and choose Mj as the 
monomer such that F; > fı (i.e., the polymer being formed contains more M; than the feed). 
Thus at a time when dN moles of the monomer mixture have been converted into polymer, the 
polymer formed will contain FidN moles of Mı, while the M; content in feed will be reduced to 
(N — dN)(fi — d fı) moles. Thus a material balance for monomer M; can be written as (Odian, 
1991; Billmeyer, Jr., 1994): 


fiN -N —dN\(fi - dfi) = FidN (7.20) 


Neglecting the small term d fıdN, this equation is rearranged to the form 


dN dfi 
eee 7.21 
N Aah rey) 
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and then to the integral form 


N f df; 
ifs = 7.22 
age car AS 


where N, and (fi), are the initial values of N and fi. For given values of rı and r2, the quantities Fy 
and 1/(F; — fi) are computed from Eq. (7.17) at suitable intervals for 0 < fı < 1. The integration 
may then be performed graphically or numerically to obtain the degree of conversion p(= 1—N/N,) 
corresponding to a change in feed composition from (f1) to fı. By a repeated application of this 
process for suitably chosen values of fi, it is possible to construct a curve relating fı and p. 
The average overall copolymer composition for any conversion p can be calculated by graphical 
integration of a plot of F; versus fı or simply from the amounts of initial and residual monomers 
(see Problem 7.5). 


Problem 7.5 Derive an equation that gives the cumulative or average composition of the copolymer formed 
at a given overall conversion of the monomers. 


Answer: 


Consider a batch polymerization mixture containing initially (Nj), mol of monomer M; and (N2) mol of 
monomer Mb. Let: after a fraction p of the initial monomers have been polymerized, the unreacted monomers 
are, respectively, N; and M2 moles; the mole fractions of monomers M; and Mz in the feed after a degree of 
conversion p are fı and fù, the corresponding initial values being (f1)o and (f2)o. Then, 


(Ni) + (N2) = No 
(Nib = (fidoNo, M) = (f2)oNo 
Ni = fiA- pN, No = fol -pM 


Since the average mole fraction of Mı in copolymer, Fj, is the ratio of the number of moles of M; converted 
divided by the total number of moles of Mı and M3 polymerized in the same interval, 


F=- (Ni) — M 
1 IND — Mi] + [2 — Na] 


Substituting from the above definitions, one obtains 


F = Gio — Aid - p) (P7.5.1) 


P 
The cumulative average copolymer composition can be calculated in a straightforward manner by entering 
Eq. (P7.5.1) with the cumulative value of p and the initial value of (f1). [As a check, the value of F; at p = 
1 must equal (f1)o.] 


Meyer and Lowry (1965) substituted F; in Eq. (7.22) using Eq. (7.17) and then integrated Eq. 
(7.22) analytically to obtain (Odian, 1991; Billmeyer, Jr., 1994): 


N 2 fi | [Ep fe = y (1.23) 


a ae (fido (fa)o fi =D 
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which relates the degree of (overall) conversion, (1 — N/N,), to initial and final feed compositions. 
The zero subscripts indicate initial state. The quantities a, 6, y, and 6 are given by 


= r2 z= eo 
E ae ee ET 

(1 — rir) z (1 -= r2) 
EL E 


(1.24) 


Equation (7.23) can be used to correlate the drift in the feed and copolymer compositions with 
conversion. This equation is also often used with experimental conversion versus feed composition 
data to estimate reactivity ratios. 


Problem7.6 A mixture of styrene (Mı) and methyl methacrylate (Mz) was polymerized at 60°C with 
initial composition (f1)o = 0.80, (f2) = 0.20 and the polymer obtained by precipitation at appropriate intervals 
was analyzed. Some of the conversion-composition data (Meyer, 1966) so obtained are given below : 


Oxygen in 
Conversion (wc), wt% polymer (wox), wt% fi 
11.74 8.32 0.8091 
29.32 7.92 0.8229 
46.18 7.61 0.8391 
65.88 7.43 0.8769 
86.37 7.00 0.9648 


With rı = 0.52 and r2 = 0.46, calculate from Eq. (7.23) the changes in instantaneous monomer and 
copolymer compositions as a function of conversion and compare the results graphically with the above 
experimental data. Also calculate the cumulative average copolymer composition at different conversions. 


Answer: 


The essential procedure for calculating the composition drift with conversion is that fy is decreased (or 
increased) in steps from (f1) to 0 (or to 1.0). For each value of fı, the corresponding degree of conversion 
is obtained from Eq. (7.23) and the corresponding instantaneous copolymer composition from Eq. (7.17). 
With the monomer mixture composition, fı, and the degree of conversion p (= 1 — N/N») thus known, it is 
then easy to also calculate cumulative average copolymer composition F; from Eq. (P7.5.1). For the given 
monomer system and feed composition, Eq. (7.17) shows that F; < fi, i.e., the polymer is poorer (monomer 
feed richer) in Mj, as compared to the initial monomer feed; fı is therefore to be increased in step increments 
from (fj )o in the computation. 


The relation between F; and the oxygen content (wox wt.%) of the copolymer is easily obtained from 
mass balance, taking note that each MMA unit in the copolymer accounts for 2 oxygen atoms. Taking molar 
masses of styrene and MMA as 104 and 100 g/mol, the following relation is obtained : 


Fi = (32 — Wox)/(32 + 0.04wox) 


To convert weight% conversion (wc) of monomers into mole fraction degree of conversion (1 — N/No), 
the following relation is readily derived: 
N _ 1 + 100 


4f, + 100 Ja T wD) 


[Since for the given system the differences between (fi) and fı are small, 1—N/N, = we/100 and mole 
fraction conversion nearly equals the weight fraction conversion. ] 
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Mole fraction 


0 0.2 0.4 0.6 0.8 1.0 
Degree of conversion (1— N/No) 


Figure 7.4 Plot of copolymer and monomer feed composition as a function of conversion for styrene (Mj)- 
methyl methacrylate (Mz) system with (f1)o = 0.80, (f2) = 0.20, and rı = 0.53, r2 = 0.46. Experimental 
points ©, A are from Problem 7.6. (After Meyer and Chan, 1967.) 


The calculated values of fı, Fj, and F; are plotted against mole fraction degree of conversion along with 
the given experimental data in Fig. 7.4. The results for fo follow from the relation fı + f2 = 1, and similarly 
for F> and F>. 


7.2.5 Evaluation of Monomer Reactivity Ratios 


The monomer reactivity ratios 7; and r2 can be determined from the experimental conversion- 
composition data of binary copolymerization using both the instantaneous and integrated binary 
copolymer composition equations, described previously. However, in the former case, it is essen- 
tial to restrict the conversion to low values (ca. < 5%) in order to ensure that the feed composition 
remains essentially unchanged. Various methods have been used to obtain monomer reactivity 
ratios from the instantaneous copolymer composition data. Several procedures for extracting re- 
activity ratios from the differential copolymer equation [Eq. (7.11) or (7.17)] are mentioned in the 
following paragraphs. Two of the simpler methods involve plotting of rı versus r2 or F; versus fi. 


7.2.5.1 Plot ofr, versus r2 


This method is also known as the method of intersections. First described by Mayo and Lewis 
(1944), the method has been widely used for computing reactivity ratios by fitting experimental 
data to the differential copolymer equation. In this procedure, Eq. (7.11) is rearranged to the 
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1.0 


Figure 7.5 Graphical determination of rı and rz according to Eq. (7.26) for the system 
styrene/methylmethacrylate (Mı = styrene; My = methyl methacrylate). (After Mayo and Lewis, 1944.) 


form (Ghosh, 1990): 


-1 (7.25) 


or, equivalently, Eq. (7.17) to the form 


mEn Ar + £n) - i (7.26) 


Knowing experimentally the copolymer composition (F1) corresponding to a given feed compo- 
sition (f1), one can calculate r2 values corresponding to various assumed values of 7; and thus 
obtain a straight line plot of rı versus r2. Each experimental data pair of fı and F; thus yields one 
straight line in the rı — r2 plane (see Fig. 7.5). Repeating this procedure for different values of F; 
and fı, a series of straight lines with different slopes are thus obtained. Theoretically, these lines 
should intersect at a common point representing the actual values of rı and r2. However, because 
of experimental errors, the lines may not pass through a common point and the small area where 
most intersections occur is then assumed to represent the most probable r1, r2 values. 


7.2.5.2 Plot of F) versus fi 
Fineman and Ross (1950) rearranged Eq. (7.17) to the form 


AK - 1) _ ae > an EPN (1.27) 


d- f)A (d - fP F 
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or (Rudin, 1982; Odian, 1991) 
G = rH-?r (7.28) 


where G = X(Y -1)/Y, H = X*/Y, X = [Mi]/[Mo] = fi/ - fi), and Y = d[Mi]/d[Mo] = 
Fı/(1 — F) [see Eqs. (7.15) and (7.16)]. 

A plot of the term on the left side of Eq. (7.27) or (7.28) against the coefficient of 7; should 
thus yield a straight line with slope rı and intercept r2. 


Problem 7.7 The initial concentrations of styrene (M4) and acrylonitrile (M2) employed in a series of low 
conversion free-radical copolymerizations are given below together with the nitrogen contents (% N by wt.) 
of the corresponding copolymer samples produced: 


[M;] mol/L 3.45 2.60 2.10 1.55 
[M2] mol/L 1.55 2.40 2.90 3.45 
% N in copolymer 5.69 7.12 7.77 8.45 


Determine rı and rz for the monomer pair by the Fineman-Ross method. 
Answer: 


Molar mass of repeat unit: styrene (M,) 104 g mol7!, acrylonitrile (M2) 53 g mol™!. 


(1 — F,)(14 g mol7!) 


= x100 
Fi (104 g mol™!) + (1 — F1)(53 g mol!) 


Solving, F} = [1400 — (%N x53)]/[1400 + (%N x51)]. Table below gives fı = [Mj ]/([M: 
+ [M2]) and F; calculated from %N together with the composite quantities required to make a plot according 
to Eq. (7.27). 


see 

fiQF, - 1) fid- Fi) 

fi Fi — —_ 
U - fi)Fi (1 — fi)Fi 

0.69 0.6499 1.0268 2.6688 

0.52 0.5800 0.2989 0.8499 

0.42 0.5501 0.1319 0.4289 

0.31 0.5200 0.0346 0.1863 


A plot of the data (Fig. 7.6) yields a staight line with slope (r1) = 0.40 and intercept (—r2) = —0.04. 
Hence, for the given monomer pair: rı = 0.40, r2 = 0.04. Analysis of the data may also be done by regression 
analysis. 


The best values of r are obtained from slopes rather than intercepts. While Eq. (7.28) gives rı 
as the slope, it can be rewritten in another form making r2 the slope: 


G/H = -r:/H +r (7.29) 
In the aforesaid Mayo-Lewis and Fineman-Ross methods, the experimental composition data are 


unequally weighted as, for example, at low [M2] in Eq. (7.28) or low [M;] in Eq. (7.29) the ex- 
perimental data have the greatest influence on the slope of a line corresponding to these equations. 
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= 
da 


£\(2F,-1)/(1-fF, 
= 


1.0 2.0 3.0 Figure 7.6 Plot according to the Fineman- 
£7( 1 -F Mi 1-f,)” F, Ross method (data from Problem 7.7). 


The same set of experimental data may thus yield different (71, r2) values depending on which 
monomer is taken as Mı and which monomer Mp. 

Kelen and Tudos (1975, 1990) modified the Fineman-Ross method by introducing an arbitrary 
positive constant œ into Eq. (7.28) so as to spread the data more evenly thereby giving equal 
weightage to the data points. Their modification is expressed in the form 


r2 
= +—=|u-— 7.30 
n= [a+ 2-2 (7.30) 
where 7 = G/(a+H) andy = A/(a + H). 

By plotting 7 against u one thus obtains a straight line that yields, on extrapolation, —r2/a and 
rı as ņ values at u = 0 andy = 1, respectively. Using for «œ the value of (Hin max)! 2 where Hmin 
and Hmax are the lowest and highest experimental H values, helps distribute the data symmetrically 
on the plot. 


7.2.5.3 Direct Curve Fitting 


An estimate of rı and r2 can be obtained from the slope of the experimental F; versus fı plot by 
comparison with curves based on Eq. (7.17) to choose, by trial and error, the values of rı and r2 for 
which the theoretical curve best fits the data. A limitation of this method is the relative insensitivity 
of the curves to small changes in rı and r2. Another limitation is the assumption implied in using 
the differential form of the copolymerization equation [Eq. (7.11) or (7.17)] that the feed compo- 
sition does not change during the experiment, which is obviously not true. To minimize the error, 
the polymerization is usually carried out to as low a conversion as possible at which a sufficient 
amount of the copolymer can still be obtained for direct analysis. The aforesaid limitations can be 
overcome, however, by the use of an integrated form of the copolymer composition equation, such 
as Eq. (7.23). In one method, for example, one determines by computational techniques the best 
values of rı and rz that fit Eq. (7.23) to the experimental curve of fı or f2 versus (1 — N/N»). 

Some representative values of rı and r2 in radical copolymerization for a number of monomer 
pairs are shown in Table 7.1. These are seen to differ widely. The reactivity ratios obtained in 
anionic and cationic copolymerizations are given and discussed in Chapter 8. 
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Table 7.1 Monomer Reactivity Ratios in Radical Copolymerization 


Monomer (M1) Monomer (M2) TCO ri r2 
Acrylic acid Styrene 60 0.25 0.15 
Vinyl acetate 70 2 0.1 
Acrylonitrile Acrylamide 60 0.8 1.3 
Methyl methacrylate 60 0.13 1.16 
Styrene 60 0.04 0.40 
Vinyl acetate 70 6.0 0.07 
Methacrylic acid Acrylonitrile 70 2.5 0.093 
Styrene 60 0.62 0.2 
Vinyl acetate 70 20 0.01 
Methyl methacrylate Styrene 60 0.46 0.52 
Vinyl acetate 60 20 0.015 
Vinyl chloride 68 10 0.1 
Styrene 1,3-Butadiene 50 0.58 1.4 
Maleic anhydride 50 0.04 0.015 
Vinyl acetate 60 56 0.01 
Vinyl chloride 60 15 0.01 


Source: Brandrup and Immergut, 1975. 


Note: Though only single values are shown for rı and r2, the experimentally reported reactivity ratios often span some 
range (with a factor of 2 or much larger variation) due to several sources of experimental and statistical uncertainties. 


7.2.6 The Q -e Scheme 


A useful scheme was proposed by Alfrey and Price (1947) to provide a quantitative description 
of the behavior of vinyl monomers in radical polymerization, in terms of two parameters for each 
monomer rather than for a monomer pair. These parameters are denoted by Q and e and the 
method is known as the Q —e scheme. An advantage of the method is that it allows calculation of 
monomer reactivity ratios rı and rz from the same Q and e values of the monomers irrespective of 
which monomer pair is used. The scheme assumes that each radical or monomer can be classified 
according to its reactivity (or resonance effect) and its polarity so that the rate constant for a 
radical-monomer reaction, e.g., the reaction of Mı * radical with M2 monomer, can be written as 


ki2 = PiQexp(-e1e2) (7.31) 


where Pı is considered to be a measure for the reactivity of radical M; * and Q a measure for the 
reactivity of monomer Mp); e; and e2, on the other hand, are considered to represent the polar 
characteristics of the radical and the monomer, respectively. 


By assuming that the same e value applies to both a monomer and its radical (that is, e1 
defines the polarities of M; and M,° , while e2 defines the polarities of Mz and M2° ), one can 
write expressions for k11, k22, and k2; analogous to Eq. (7.31). These can then be appropriately 
combined to yield the monomer reactivity ratios. Thus for kj; one can write by analogy to Eq. 
(7.31), 


ky, = PQ exp(-e1e1) (7.32) 
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Table 7.2 Q -e Values 


Monomer e Q 
Butadiene — 1.05 2.39 
Styrene (reference standard) — 0.80 1.00 
Vinyl acetate — 0.22 0.03 
Ethylene — 0.20 0.01 
Vinyl chloride 0.20 0.04 
Vinylidene chloride 0.36 0.22 
Methyl acrylate 0.60 0.42 
Methyl methacrylate 0.40 0.74 
Acrylic acid 0.77 1.15 
Methacrylonitrile 0.81 1.12 
Acrylonitrile 1.20 0.60 
Methacrylamide 1.24 1.46 
Maleic anhydride 2.25 0.23 


Source: Brandrup and Immergut, 1975. 


Therefore, 


eit 1 expl-e1 (ei = e2)] (7.33) 


= kn Q 


(Note that in any given pair of monomers, the monomer cited first is indexed as M; and the other 
as M2.) An expression for r2 is similarly obtained, viz., 


k 
= = = 2 expl-en(e2 =e] (7.34) 


Thus rı and r2 can be calculated from Q and e values of monomers forming the pair. 

Equations (7.33) and (7.34) permit us to calculate the Q and e values for single monomers from 
the values of rı and r2, provided we have one monomer for which Q and e have been arbitrarily 
decided. Price chose styrene as the standard monomer with the values Q = 1 and e = —0.8. Table 
7.2 gives a selection of Q and e values for some of most common monomers. As a general rule, 
monomers with electron-rich double bonds have more negative e values and those that form highly 
resonance-stabilized radical have higher Q numbers. 

Using the tabulated Q and e values for any two monomers, one can calculate the rı and r2 val- 
ues from Eqs. (7.33) and (7.34) for this monomer pair whether or not they were ever polymerized. 
The Q —e scheme is of the utmost utility, qualitatively, for predicting copolymerization behavior 
and for obtaining approximate estimates of rı and r2 values. 


Problem 7.8 Calculate the rı and r2 values for the monomer pair styrene(M )-acrylonitr-ile(M>) from the 
tabulated Q and e values. 


Answer: 


1.00 
—— exp[0.80(-0.80 — 1.20)] = 0.336 (cf. exptl. rı = 0.29) 


From Eq. (7.33), rı 060 


0.60 
—— exp[-1.20(1.20 + 0.8)] = 0.054 (cf. exptl. r2 = 0.03) 


From Eq. (7.34), r2 1.00 
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7.2.7 Sequence Length Distribution 


It should be noted that the copolymer equation (7.11) describes the instantaneous copolymer com- 
position on a macroscopic scale, that is, composition in terms of the overall mole ratio or mole 
fraction of monomer units in the copolymer sample produced, but it does not reveal its microstruc- 
ture, that is, the manner in which the monomer units are distributed along the copolymer chain. 
Thus for two monomers M; and Mg, the ratio F,/(1 — F)) gives the overall mole ratio of M; and 
Mp units in the copolymer but no information about the average lengths (i.e., number of monomer 
units) of M; and M, sequences, as illustrated (Allcock and Lampe, 1990) for a typical copolymer 
by 


Mı—-Mı—-Mı—-Mı—M 2—M)—M1—M2—M2—M2—M 1 —M 1 —-M 


where the sequences are underlined. A completely random placement of the two monomer units 
along the copolymer chain occurs only for the case rı = r2 = 1. For all other cases, there will be 
a definite trend toward a regular placement of monomer units along the chain. 

The distributions of the various lengths of the M; and M3 sequences are called the sequence 
length distributions, which define the microstructure of a copolymer. The probabilities of forming 
M; and M, sequences of x units, that is, their respective mole fractions n,(M)) and nx(M2), are 
given by (see Problem 7.1 for derivation), 


nMi) = PA'P (1.35) 


n(M2) = P35! Poy (7.36) 


where the probability (P ) values are defined (cf. Problem 7.1) by, 


Pi AM o a A (7.37) 
rı[M:] + [M2] rifi + h 
Aaa mi{Mi] + M] nfi+th (7.38) 
r2[M2] rf 
~ Ml]+nM] A*th 7.3 
oF [My] + r2[M2] fi + rofo (7.39) 
aS — h (7.40) 


M] + nM] fi tropa 


The mole fractions of different lengths of Mı and M3 sequences can be calculated from Eqs. (7.35) 
through (7.40). 


Problem 7.9 The sequence length distribution for a copolymerization system can be described by the 
mole fractions of sequences with 1, 2, 3, 4, 5, 6, ...., Mı or M3 units in a copolymer and plotting against 
sequence length in a bar graph. Describe such distribution for an ideal copolymerization with equimolar feed 
composition considering two cases: (a)r = ro = 1 and (bì)ri = 5, m = 0.2. 
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Figure 7.7 Sequence length distribution for an ideal copolymerization with (a) r1 =r2 = 1, fi = fo and (b) 
rı =5, m =0.2, fi = fo. [In (a) the distribution of M? sequences is not shown as it is the same as for Mı 
sequences. In (b) the plots of n,(Mo2) (---) are shown slightly to the left of the actual sequence length for 
clarity.] (After Vollmert, 1973.) 


Answer: 


(a) For the system rı = ro = 1, fı = 0.5, Eqs. (7.37)-(7.40) give Pi, = Pi2 = Poo = Po, = 0.50. The values 
of n,(M}) calculated from Eq. (7.35) are 0.50, 0.25, 0.125, 0.0625, 0.0313, 0.0156, and 0.0078 for sequences 
with 1, 2, 3, 4, 5, 6, and 7 M; units, respectively. A bar graph is shown in Fig. 7.7(a). Thus, although 
the most plentiful sequence is single Mı at 50%, there are considerable amounts of other sequences : 25%, 
12.5%, 6.25%, 3.13%, 1.56%, and 0.78%, respectively, of dyad, triad, tetrad, pentad, hexad, and heptad 
sequences. The distribution of Mz sequences is exactly the same as for Mı sequences. 


(b) For the system r1 = 5, r2 = 0.2, fı = 0.5. Equations (7.37)-(7.40) give Pj; = P21 = 0.8333 and Piz = 
P» = 0.1667. The values of 1,.(M,) calculated from Eq. (7.35) are 0.167, 0.140, 0.116, 0.097, 0.081, 0.067, 
and 0.056 for sequences with 1, 2, 3, 4, 5,6, and 7 M, units, respectively. A bar graph is shown in Fig. 7.7(b). 
It is seen that the single Mı sequences are again the most plentiful but only at 16.7% and the sequence-length 
distribution is also broader than for rı = r2 = 1 of case (a). There are small amounts of relatively long 
sequences: 3.2% of 10-unit, 1.3% of 15-unit, and 0.4% of 20-unit M; sequences. The sequence-length 
distribution for the less reactive Mz monomer, calculated from Eq. (7.36) and shown in Fig. 7.7(b), is seen 
to be much narrower. Single M units are by far the most plentiful (83.3%) with 13.9% dyads, 2.3% triads, 
and 0.39% tetrads. 


Problem 7.10 Consider an alternating copolymerization withr; = r2 = 0.1 and f} = 0.5. What percentage 
of the alternating copolymer structure is made of Mı M3 sequence ? Compare the sequence length distribution 
with that for the ideal copolymer in Problem 7.9(a) which has the identical overall composition. 

Answer: 


For the system with r4 = r2 = 0.1 and fı = 0.5, Eqs. (7.37)-(7.40) give Pj; = Poo = 0.0910; Pig = P21 = 
0.9090. Therefore, the sequence length distributions for both monomer units are identical. The single Mı 
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and single My sequences are overwhelmingly the most plentiful at 90.9% each. Thus the Mı M, sequence 
comprises 90.9% of the copolymer structure. From Eqs. (7.35) and (7.36) the dyad and triad sequences 
are 8.3% and 0.75%, respectively, for both Mı and M3. The large difference between this distribution and 
the distribution in Fig. 7.7(a) for a random copolymer having identical overall composition clearly indicates 
the difference between alternating and ideal behavior. The ideal copolymer with an overall composition of 
F, = Fy = 0.5 has a microstructure that is very different from that of a predominantly alternating copolymer. 


The average sequence lengths x(M1) and x(M2) may also be determined from Eqs. (7.35) and 
(7.36). We have already derived these expressions in Eqs. (P7.1.11) and (P7.1.12). Thus, 


M 

IMi) = 1+ an ES (1.41) 
M 

IM) = 1+ ih EEA (1.42) 


The run number, Nr, of the copolymer is defined as the average number of sequences of either 
type per 100 monomer units (Allcock and Lampe, 1990). Considering, for example, a hypothetical 
copolymer shown below, in which the sequences are underlined, 


the number of sequences are 10 and there are 20 monomer units. Hence Nr = 50. A larger run 


number indicates a greater tendency toward alternation. For a perfectly alternating polymer Np is 
100. 


Problem 7.11 Assuming (in the case of fairly large molecular weight copolymer) that the rate of sequence 
formation, regardless of length, is simply the rate at which sequences are ended, derive an expression for run 
number, Nr, in terms of the average sequence lengths x(M1) and ¥(M2). 

Answer: 


Since the molecular weight of the polymer is fairly large, the chain termination can be neglected compared 
to propagation (long-chain approximation). The rate of sequence formation, dS/dt, can then be represented 
(Allcock and Lampe, 1990) by 


dS 
aa kı2 [M] ][M2] + k21 [MZ] [M1] (P7.11.1) 
and the rate of polymerization by 
d([M,]+[Mo]) 
=e EMPIIM i] + ka[M}]Mə2] + 
koi [M3 [My] + k22 [M3 [M2] (P7.11.2) 


Dividing Eq. (P7.11.2) by Eq. (P7.11.1) and making use of the steady-state approximation, as given by Eq. 
(7.8), one obtains 


_a((My] + [M2)) kı[Mı] + ki2[M2] _ &22 [Mo] + kzı [Mi] 


ds 2kiaIMo) S(O DMJ 
or 
dM; + M2) rı [Mı] m [Mo] 


+ = 1430 + TM] (P7.11.3) 
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Since the run number is the average number of sequences per 100 monomer units, this may now be written 
(Allcock and Lampe, 1990) as 


ds 
Nr = 100(- ae! (P7.11.4 
d([Mq] + [Mo2]) i 
which after substitution of Eq. (P7.11.3) followed by Eqs. (7.41) and (7.42) yields 
200 200 
Nr = = (P7.11.5) 


2 + rı((Mı]/[M2)) + r2((M2]/IM1]) XMı) + X(M2) 


Since for a perfectly alternating polymer, X(M,) = X(M2) = 1, one obtains from Eq. (P7.11.5), Nr = 
100. 


Problem 7.12 Vinyl acetate (3.0 M) is copolymerized with vinyl chloride (1.5 M) in benzene solution by 
adding azobisisobutyronitrile to a concentration of 0.1 M and heating to 60°C. Calculate for the copolymer 
initially formed (a) the probability of forming vinyl acetate and vinyl chloride sequences that are 3 units long, 
(b) the average sequence lengths of vinyl acetate and vinyl chloride in the copolymer, and (c) the run number 
of the copolymer. [rı = 0.24, r2 = 1.80] 


Answer: 


(a) fi = (3.0M)/(3.0M + 1.5M) = 0.67: fp = 1 -0.67 = 0.33 
From Egs. (7.37)-(7.40): Pj, = 0.3244, P}> = 0.6756, Py» = 0.4736, Pr; = 0.5264 
From Eq. (7.35): 73(My) = (0.3244)3-! (0.6756) = 0.071 


From Eq. (7.36): n3(M2) = (0.4736)3! (0.5264) = 0.118 


(b) From Eqs. (7.41) and (7.42): 


¥(M1) = 1 + (0.24)(0.67/0.33) = 1.48 


¥(M>) = 1 + (1.80)(0.33/0.67) = 1.90 


(c) From Eq. (P7.11.5): Ng = 200/(1.48 + 1.90) = 59 


7.2.8 Rate of Binary Free-Radical Copolymerization 


In deriving an expression for the rate of copolymerization in binary systems the following as- 
sumptions (Walling, 1949) will be made: (a) rate constants for the reactions of a growing chain 
depend only upon the monomer unit at the chain end, and not on other units preceding the end 
unit; (b) steady-state conditions apply both to the total radical concentration and to the separate 
concentrations of the two radicals; (c) chain termination is by bimolecular radical reaction. 
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By assumption (a) the overall rate of monomer disappearance is given by [cf Eqs. (7.5) and 
(7.6)]: 
_ d ([M:] + [M2]) 


ips dt 


= kyi {Mi * ][M1] + k21 [M2" ][M1] + kı2[M; * ][M2] + k22[M2" ][M2] (7.43) 


where [M;] and [M2] are concentrations of the two monomers, [Mj * ] and [M2 °] are concentra- 
tions of chain radicals ending in M; and M3 units, respectively, and k2; is the rate constant for 
attack of a chain radical ending in M2 unit upon monomer Mj, etc. By assumptions (b) and (c) 
and defining an overall termination rate constant kro, two steady-state assumptions may also be 
written as 


ki2[M: *] [M2] = kzı [M2"][M:] (7.44) 
Ri = R, = 2ko (IM: *] + [M2"]}? (7.45) 
where R; is the overall initiating rate and R; is the overall termination rate. 


Solving Eqs. (7.44) and (7.45) simultaneously for [M; *] and [M2°] and substituting into Eq. 
(7.43) we obtain 


— d (Mi) + (Mol) Rr [M] + 2[M1][M2] + r2fMb]?) 


R, = Pe IN Meee Se ee ee see ese 
p dt (2ko)! (ri [M1]/ki] + r2[M2]/k22) 


(7.46) 


where rı and r2 are the monomer reactivity ratios given by the propagation rate constant ratios 
kı1/kı2 and k22/k21, respectively. 

If the cross-termination rate constant, that is, the rate constant for termination of radical Mı ° 
with radical M2° is k;12, then the steady-state for the total concentration of radicals can also be 
written as 


Ri = R, = 2k [M1']? + 2k2(Mi*][Mo*] + 2k22 [M2"]? (7.47) 


If we define mole fractions of the respective radicals as n; and ng, that is, 


fe ee ee ee 
"Mire ime MS Mere ey 0O 


then from Eqs. (7.45), (7.47) and (7.48) 


R; 


—— > = gn? + kui + koi) = 2k 7.49 
(IM, °] = [Mz ( t111 t1212 12203) to ( ) 


where 
ko = kent + knz + kon (7.50) 
A cross-termination factor ¢ defined as 


$ = kaz/2(kn kn)" (1.51) 
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represents the rate constant for cross-termination relative to the geometric mean of the rate con- 
stants for chain termination of each monomer alone. Its value > 1 is thus indicative of the pref- 
erence for cross-termination over homotermination. Equation (7.46) then assumes the following 
familiar form of the so-called “chemical control” model (Rudin, 1982): 


(d[Mil+d[Mp]) (ri(Mi? + 2[M1][M2] + r2[M2]?) R]? 


dt (16M1? + 26r17261521Mi]IMo] + r253[M2P)"" (7-52) 


where 6; and 62 represent the termination-propagation rate constant ratios given by 


rae Ve 


ôi = (2k /kiy)» 2. = (2kr22/ kbp (7.53) 
Equation (7.52) can also be derived from Eq. (7.43) by eliminating radical concentrations with 
the help of two steady-state assumptions written as Eqs. (7.44) and (7.47) and then using the def- 
initions of rı and r2. Equation (7.52) represents a one-parameter model for the copolymerization 
rate (Melville et al., 1947) containing the parameter ¢. Statistically, ¢ is expected to equal unity. 
However, the values of ¢ obtained in practice by inserting experimental copolymerization rates 
into Eq. (7.52) are frequently greater than unity. (For styrene-methy] methacrylate, for example, ¢ 
is 15, while for styrene-butyl acrylate ¢ is 150.) These deviations are ascribed to polar effects that 
favor cross-termination over homotermination. 


Problem 7.13 Show that if reaction probabilities of radicals depend only on encounter rates and are inde- 
pendent of the nature of the radicals, ø should equal unity. 


Answer: 


For simplicity consider a reaction mixture in which [M;*] = [M2 °]. Since M; * radicals will collide with 
M2* and M)° radicals with equal frequency and since the same applies to M2° radicals, the frequency of 
Mı * —M2° encounters is twice that of Mı * -Mı * or M2*—Mo° collisions. If the reaction probabilities 
depend only on encounter rates, 


R2 
(Rai R2)? 


where Rai = 2kai [Mi], Rao = 2km [M2], and Raz = 2kn2[M; *] [M2]. 
kt12 


Thus, = ———————— = 
d 2 (ker kon)? 


Since segmental diffusivity would be expected to depend on the structure of macroradicals, 
diffusion controlled termination may depend on copolymer composition. The value of the overall 
termination rate constant, kr, in copolymerizations may thus be functions of fractions (F; and F2) 
of the comonomers incorporated in the copolymer. An empirical expression for kr has thus been 
proposed (Atherton and North, 1962): 


ko = Fike + Fokso2 (7.54) 
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that represents kr as the average homotermination rate constants weighted on the basis of mole 
fractions F; and F> of the respective monomers in the copolymer. Equation (7.46) in combination 
with Eq. (7.54) provides a diffusion-controlled model with no adjustable parameters (such as ¢ in 
chemical controlled model). No strong theoretical case can, however, be made for the relationship 
in Eq. (7.54). 

A better fit is often provided by a combined model (Chiang and Rudin, 1975) which uses 
the parameter ¢ of the chemical control model in combination with an empirical formulation for 
kt related to copolymer composition. The empirical formulation is thus derived (Rudin, 1982) by 
substituting mole fractions of each monomer for the radical mole fractions 1; and M in Eq. (7.50): 


ko = kaiF,? + kyoFi F + koz.” (7.55) 
Combination with Eq. (7.51) then yields 
ko = kei Fy? + 26(krtk22)' iP, + kF? (7.56) 


Equations (7.46) and (7.56) yield the rate of copolymerization, and ¢ may be taken from previous 
studies of the chemical control model. 


Problem 7.14 Bulk polymerization of styrene in the presence of 1 g/L of AIBN initiator at 60°C gave a 
measured polymerization rate of 5.34x10~> mol L7! s7!. Predict the rate of copolymerization at 60°C of a 
mixture of styrene (M;) and methyl methacrylate (M2) with 0.579 mole fraction styrene and the same initial 
concentration of the initiator as in the homopolymerization case. Compare the rates predicted from chemical 
control, diffusion control, and combined models with the experimental value of 4.8x10~> mol/L-s (Walling, 
1949). Use relevant kp and k values for homopolymerization from Table 6.4 and assume ¢ = 15. [Other data: 
r = 0.52, r2 = 0.46; monomer density = 0.90 g/cm?.] 


Answer: 


Rate constants: k11 =(Kp)styrene = 165 L mol! s7!; ky11 = (Kr)styrene = 6X10’ L mol! s“!; k22 = (kp) MMA 
=515L mol! s7!; km2 = (kr)MMA = 2.55X10? L mol`! s7!. 


For bulk styrene: [M] = (1000 cm? L~!)(0.90 g cm73)/(104 g mol~!) = 8.70 mol L~!. For styrene 
(M;)—MMA (M2) feed of 0.579 mole fraction styrene: [M,] = 5.09 mol L (assuming additivity of 
monomer volumes). 


For styrene homopolymerization [cf. Eq. (6.23)], 


Re Ki 
i, [MP 
2(5.34 x 1075 mol L7! s~!)? (6x 107 Lmol7! s7!) 


= = 1.661077 mol L757! 
(165 Lmol~! s~!)2(8.70 mol L~!)2 


Chemical Control Model: For copolymerization, Eq. (7.52) for chemical control model is conveniently 
written (Rudin, 1982) as 


_ d((My] + (Mo) _ Ri’ (r10? + 2a +r) [Mil /a 


A ee ee P7.14.1 
dt (r 6402 + 26rjr261 2a + r284 )"/2 i 
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where œ = mole ratio of Mı and M3 in feed = 0.579/0.421 = 1.375, rj =0.52, ry = 0.46, Rj = 1.661077 
mol L7! s™!, @=15 


7 -1 -13 ]!/⁄2 
T 2(6x 107 L mol! s | = 66.39 moll? gl? L-12 


(165 L mol! s-!)2 


7 -1 -1> 71/2 
nA 2(2.55 x 10 = s-*) = 13.87 mol! s!/2 L-¥2 
(515 L mol! s~!)2 


Substituting the values in Eq. (7.14.1), —d({M,] + [M2])/dt = 5.44x10~ molL~! s7! 


Diffusion Control Model: Substituting appropriate values in Eq. (7.17) gives Fj = 0.5624, Fy = 0.4376. 
From Eq. (7.54), one obtains kto = (0.5624)(6 x 10’ Lmol7! s7!) + (0.4376) x 
(2.55107 Lmol7! s7!) = 4.49 x 107 Lmol! s~!. Writing Eq. (7.46) in the form 


— d((Mi} +[M2]) _ Ri’ (r10? + 2a + r)[M1] 
dt © (2kio)"? (ri/kay + r2/ak22)0? 


(P7.14.2) 


where a is the mole ratio of M; and Mp = 1.375 and substituting appropriate values in Eq. (P7.14.2) gives 
—d({M1]+[Mo])/dt = 12.7x10~ mol L7! s7!. 


Combined Model: From Eq. (7.56) with @ = 15, kro = 31.26x107 L mol! s~! and so from Eq. (P7.14.2), 
—d({M1]+[Mo])/dt = 4.8 x 1075 mol L7! s™!. 


Comparison 


(Rp)copolym x10 
Chemical control model Diffusion control model Combined model 


with @ = 15 (no parameter) with @ = 15 
5.4 12.7 4.8 


7.3 Multicomponent Copolymerization: Terpolymerization 


Simultaneous copolymerization of three or more types of monomers is generally known as multi- 
component copolymerization, while terpolymerization is the term used to designate simultaneous 
copolymerization of three types of monomers. For deriving the copolymer composition equations 
in these cases, it is assumed (terminal or first-order Markov model) that the reactivity of the prop- 
agating species is dependent on the identity of the terminal or end monomer unit and that the 
various propagation reactions are irreversible. In multicomponent copolymerization of n types of 
monomers, there will thus be n different types of growing chains represented by wwwM; ° (i = 1, 2, 

- n). Assuming that each of these can react with any of the n types of monomers, there will be n? 
propagation reactions and n(n — 1) binary reactivity ratios. The rate of consumption of a monomer 
j in this multicomponent system comprising n types of monomers is thus given, in general terms, 
by 


—d|Mj]/dt = (> kij (M+) [Mj] (7.57) 
i=1 


Considering the specific case of terpolymerization of monomers Mı, M2, and M3, there are 
three different types of growing chain ends, viz., vwwwM]ı * , wwwMo2°, and wwwMs3° and nine 
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different chain propagation reactions (Walling and Briggs, 1945; Hocking and Klimchuk, 1996), 
as shown below: 


___Reaction — Rate _ _ 

wwM;] * +M; — wowwM] * -d [M;]/dt = kıı [Mi * ] [M:] 

wwwMy ° + Mz —> wwM2° -d [M2]/dt = kı2 [M; * ] [M2] 

wwwMy * +M3 —> wwwM3° -d [M3]/dt = ki3 [Mi °] [M3] 

wwM2° +M; => wwwMy)° -d [M;]/dt = koi [M2 " ] [M:] 

wwM2* +M > wwM2° -d[Mə]/dt = kn [M2 "] [M2] (7.58) 
wwM2° + M3 —> wwwM3° -d [M3]/dt = kz3 [M2 " ] [M3] 

wwM3 * +M; => wwwMy)° -d [M;]/dt = kzı [M3 * ] [Mi] 

wwM3 ° + M2 —> wwM2° -d [M2]/dt = k32 [M3 * ] [M2] 

wwM3 ° + M3 — wwwM3° -d [M3]/dt = k33 [M3 * ] [M3] 


Accordingly, the equations for the rates of monomer consumptions are 


-d[M;ı]/dt = ki, (Mi *] [M1] + k21 [M2 * ] [M1] + &31 [M3 °] [M1] (7.59) 
-d [M2]/dt = kız2 [M1 °] [M2] + k22 [M2 ° ] [M2] + k32[M3 * ] [M2] (7.60) 
—d[M3]/dt = kız3 [My * ] [M3] + k23 [M2 * ] [M3] + k33 [M3 ° ] [M3] (7.61) 


We do not know the absolute values of the radical concentrations [M];° , [M]2 ° , [M]3° , but we 
can derive the steady-state relationships for these unknown concentrations. Since in steady state, 
radicals of the type wwwM, * are formed just as fast as they are converted to types wwwM) * and 
wwwM}3 * , we may write: 


kı2 [M1 * ] [M2] + kıs [Mi *] [M3] = kzı [Mo*] [M1] + &31 [M3 * ] [M1] (7.62) 


and similarly for radicals of types wwwM 2° and wwwM3 ° : 


k21 [M2* ] [M1] + k23 [M2 ° ] [M3] = kı2 [M1 * ] [M2] + k32 [M3 * ] [M2] (7.63) 
kzı [M3 * ] [M1] + k32 [M3 " ] [M2] = kı3 [M1 * ] [M3] + k23 [M2 * ] [M3] (7.64) 


Terpolymerization involves 3(3 — 1) or 6 monomer reactivity ratios, viz.,712 = k11/k12, 3 = 
ky /ky3, 121 = ko2/ko1, 123 = k22/k23, r31 = k33/k31, and r32 = k33/k32. [Note that the sym- 
bols of reactivity ratios now require two indices each, since there are three monomers. Thus the 
reactivity ratios rı and rz used in Eq. (7.11) would be called r12 and r2; in this modified notation. ] 
Using these reactivity ratios and combining Eqs. (7.62)-(7.64) with Eqs. (7.59)-(7.61) gives the 
following composition relations (Walling and Briggs, 1945): 


dM, _ Mı (Mir23r32 +M2r31r23 + M3r32r21)(Mır12r13 + Mori3 + M3ri2) 


ea em (7.65) 
dM3 M3(Mirizr23 + Mori3r21 + M3ri2r21) (M3r3i732 + Mir32 + M731) 


dM2 _ M2 (Mir3er13 +M2r13r31 + M3r12r31)(M2r21r23 + Mır23 + M3ra1) 


ake pee (7.66) 
dM3 M3(Mirizr23 + Mari3r21 + M3r12r21)(M3r31r32 + Mır32 + Mor31) 
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where M; reperesents the molar concentration of monomer i (i = 1, 2,3). [Note that in Eqs. (7.65) 
and (7.66) the usual symbol of [M;] for a concentration has been abbreviated to M; in order to 
facilitate typesetting. ] 

The above terpolymer composition can be obtained in an equivalent form (Alfrey and Goldfin- 
ger, 1946; Hocking and Klimchuk, 1996) as : 


d [Mı] : d[M2] : d[M3] = 
[M] { M] _ M] _ Ms] Ym Ml, Ma 


r31721 121132 731123 r12 r13 


IN l [Mi] | [Mz] | [Ms] l [Mi] Mal} 


eee [M] a 
F12731 F12F32 F32F13 r21 123 


: [Mi] [M2] __ [M3] [Mi] [Mo] (7.67) 
Dah ie ee 
es) a t T2312 t Ta aks r31 ? r32 } 


Steady-state relationships have also been expressed (Valvassori and Sartori, 1967) by considering 
only pairs of radicals. This gives: 

ki2[M: * ][M2] = k21 [M2 * [Mi] 

k23[M2" ][M3] = k32[M3 * ][M2] 

kzı [M3 * ][M1] = kı3[M; * ] [M3]. 


Combining these equations with Eqs. (7.59)-(7.61) yields a simpler and shorter version of the 
terpolymer composition equation (Hocking and Klimchuk, 1996) : 
[M2] | [M3] 
d Mi] : d[Mo] : d{M3] = [Mi] { [Mi] += + 


ra fu wn 


: [M2 + [M2] + —— 
ry \ ra 123 


. (May E + [M2] + IMs} (7.68) 
ri3 \ r31 r32 


Both the conventional Eq. (7.67) and the simplified Eq. (7.68) can be used for predicting terpoly- 
mer compositions as they yield similar results (see Problem 7.15). 


Problem 7.15 The ternary copolymerization of a monomer mixture containing 35.92, 36.03, and 28.05 
mol% of styrene, methyl methacrylate (MMA), and acrylonitrile (AN) at 60°C for 3.5 h yielded at 13.6 
wt% conversion a polymer product which analyzed C 78.6% and N 4.68% (by wt.) (Walling and Briggs, 
1945). Calculate the initial ternary copolymer composition to compare with the composition obtained by the 
analysis. 


Answer: 


Let the mol% composition of the copolymer be x, y, and z for styrene (CgHg), MMA (C5Hg02) and AN 
(C3H3N), respectively. From C and N mass balance and x + y + z = 100, one obtains x = 45.0, y = 25.6, 
and z = 29.4. 
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From Table 7.1, 
Styrene (M;)/MMA (M2): r2 = 0.52, r21 = 0.46 


Styrene (M;)/AN (M3): 713 =0.40, r31 = 0.04 
MMA (M2)/ AN (M3): 793 = 1.16, r32 = 0.13 


Rewriting Eq. (7.67) as d[M,] : d[M2] : d[M3] =A: B:C, where 


Jes KA. 2 , e 2, 4) 
731721 721732 731123 r12 r13 
B = [2 +2 yal Je- 2+2] 
r12F31 r12F32 130713 r21 r23 
C = [2 ele eds Je- £- £] 
r13721 123112 113123 r31 r32 


one can then calculate for a given starting feed composition, viz., f1, f2, and f3, the copolymer compositions 
as Fy =A/(A+B+C), Fh =B/(A+B+C), Fy =C/(A+B+C). 


Equation (7.68) can be similarly written and A, B, C defined accordingly. With fı = 0.3592, f2 = 0.3603, 
fs =0.2805, and rj; values as given above, the copolymer composition is calculated from both Eqs. (7.67) 
and (7.68). The results are tabulated below : 


Terpolymer composition (mol %) 


Found Calcd. from Eq. (7.67) Calcd. from Eq. (7.68) 


Styrene 
MMA 
AN 


Knowing the value of the monomer reactivity ratio for each pair of monomers also allows the 
calculation of sequence distributions. Thus if the monomer mixture is made up of the monomers 
Mı, M2, M3, --: My, the resulting initial copolymer will consist of sequences of M1, M2, +>, 
and My monomer units. The fraction of all M; sequences which possess x number of M; units 
will be given by a distribution function (Alfrey and Goldfinger, 1944): 


x—-1 
[M:] 
nx(Mı) — r x 

mja MA, Bel Ma 

r12 r13 TIN 

[M:] 
E a E (7.69) 
m M, Bel Ma 
r12 r13 TIN 


Note that with [M;] = 0 for i =3,4,---N, Eq. (7.69) reduces to Eq. (7.35) for the binary system. 
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Problem 7.16 Consider the initial terpolymer in Problem 7.14. Calculate the fractions of styrene, MMA, 
and AN sequences containing 2 or more monomer units. 


Answer: 


For a terpolymer Eq. (7.69) becomes 


x-1 


fi fi 

n(Mı) = 1- 

Í + f + fi Í + f2 + B 
r12 13 r12 13 
For x = 1, 
fi 
ny(M;) = 1 - 
omy fi + Cfa/ri2) + G3/ri3) 
4 0.3592 = 0.822 


~ 0.3592 + (0.3603 /0.52) + (0.2805 /0.29) 


Therefore, fraction of styrene sequences with 2 or more styrene units = 1 — 0.822 = 0.178. 


pa fr 
(fi/rai) + fo + f/r) 


Therefore, fraction of MMA sequences with 2 or more units = 1 — 0.7345 = 0.265. 


i fs 
(fi/r31) + 2/732) + fa 


Fraction of AN sequences with 2 or more AN units = 1 -0.9865 = 0.013. 


= 0.7345 


Similarly, nı (M2) = 


Again, nı(M3) = 0.9865 


7.4 Deviations from Terminal Model 


Deviations from the copolymer composition equation [Eq. (7.11)] of the terminal model have been 
noted for various comonomer pairs and for various polymerization systems. In order to explain 
some of these deviations, Merz et al. (1946) introduced the concept of the penultimate effect, 
according to which the reactivity of a propagating species is affected by the penultimate (next- 
to-last) unit (penultimate model). This behavior is referred to as the penultimate or second-order 
Markov behavior. Deviations from the terminal model can also occur because of the formation 
of monomer complex which undergoes propagation (complex-participation model) or because of 
depropagation reactions becoming significant, which can happen when polymerizations are per- 
formed near ceiling temperatures. 


7.4.1 Penultimate Model 


Since in this model a growing chain is identified by the last two units at the growing chain end, a 
binary copolymerization system will involve eight propagating reactions which can be 
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represented (Hamielec et al., 1989; Odian, 1991) by 


wwMMı° + My — wwM)M)M)° 
wwMMı° + M2 — wwM;M;M>° 
wwwM2M2° + My — wwM2MoM)° 
wwwM2M2° + M2 — wwwM2MoM>° (7.70) 
wwwM2M;1° + My — wwMoMiM)° 
wwwM2M1° + M2 — wwMo2M)M>° 


wwMM2° +M; — > wwwM;MoM,° 


wwMM2° +M) — > wwwM;MoM>° 


and four reactivity ratios: ry = kii /kii2, ra = koi /k212, r2 = ko22/k221, and ri2 = 
k122/k121- 
Following a procedure similar to that used in deriving Eq. (7.11), the instantaneous copolymer 
composition equation for the penultimate model is then given (Hamielec et al., 1989) by 
d[Mı] _ 1+ ra (M1 ]/[M2)) ri [M1] + [M2)) / 2 fMi) + (M2) (7.71) 
d [M2] 1 + r12 ([M2}]/[M1 J) 22[M2] + [M1]) / r12[M2] + [MD l 
or in terms of mole fraction feed composition (fı, f2) and mole fraction polymer composition (Fi, 
F2) by 


Ao L+ raff ufi + f)/ afi t fo) (7.72) 


Fy 1+ riz (fo/fi) (22 f2 + fi) / (rai fi + fa) 


7.4.2 Complex-Participation Model 


The model for binary copolymerization, in its general form, allows participation of both the 
comonomers and a donor-acceptor complex of the comonomers in the propagation reactions. The 
generalized complex-participation model (Cais et al., 1979) can be described by eight propagation 
reactions and an equilibrium reaction forming the complex from the monomers. The propaga- 
tion reactions include the same four Eqs. (7.1)-(7.4) which apply in the terminal model, and four 
additional ones involving the complex (Hamielec et al., 1989; Odian, 1991) which are 


— 
———. 121 
wwwMy)* + MoM; — wwM)° 


ko 
1- 112 
wwM1° + MiM) — > wwMo2° 


ae (7.73) 
——— nl 
wwM2° + MoM; — wwM)° 


p 
=———— 212 
wwM2° + MiM) — wwMo2° 


where M2M, and MM: represent the monomer complex adding to the radical center at the M2 
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and M; ends, respectively. The equilibrium reaction for the complex formation is 


K 
M; +M) = MM: (7.74) 


and the appropriate ratios (Hamielec et al., 1989; Odian, 1991) for this model are: rı = k11/k12, r2 = 
koo/ko1, ri = kīplkpr 15 = Kooga "y =kpry/ki2 and ry = kzyz/k21. The copolymer composition 
equation has been derived (Cais et al., 1979) by a statistical approach. 


7.5 Copolymerization and Crosslinking 


We have considered so far only copolymerization of bifunctional vinyl monomers. However, if any 
of the monomers in the copolymerization is a divinyl compound or any other olefinic monomer 
with functionality greater than 2, a branched polymer can result and, furthermore, the growing 
branches can interconnect to form an infinite crosslinked network known as “gel”. It is useful to 
be able to predict the conditions under which such gel formation will occur. 

In copolymerization involving a divinyl compound or diene, crosslinking occurs early or late 
in the reaction depending on the relative reactivities of the two double bonds in the monomer. If 
the two double bonds in a monomer are well separated, the reactivity of one is not affected by 
the polymerization of the other. Ethylene glycol dimethacrylate and allyl acrylate are examples 
of divinyl monomers of this type. If, on the other hand, the two double bonds are close enough 
that the reaction of one shields the other sterically, or if they are conjugated as in 1,3-dienes, a 
difference in reactivity can be expected. In copolymerization with 1,3-dienes, 1,4-polymerization 
leads to residual 2,3-double bonds of lowered reactivity, which are subsequently used to bring 
about post-polymerization crosslinking as in vulcanization. Diviny] benzene is in the intermediate 
category with regard to the effect of the reaction of one double bond on the reactivity of the other. 
Several different cases are considered in the following. 


7.5.1 Vinyl and Divinyl Monomers of Equal Reactivity 


Consider the copolymerization of a vinyl monomer X with a divinyl monomer YY where all of the 
vinyl groups (i.e., the X group and both Y groups) have the same reactivity. [Methyl methacrylate 
(MMA)-ethyleneglycol dimethacrylate (EGDMA), vinyl acetate—diviny] adipate (DVA), and to an 
extent styrene—p- or m-divinylbenzene (DVB) are examples of this type of polymerization system 
(Odian, 1991). In MMA-EGDMA system, 


ÇH; ÇH; ÇH; 
COOCH; COOCH, CHOCO 


the unsaturated groups of EGDMA may be confidently assumed to have same reactivity as the 
identical group of the MMA monomer and the reactivity of one unsaturated group in EGDMA 
should not depend on whether the other is reacted or not. The vinyl groups in DVB are, however, 
known to be more reactive than the one in styrene. ] 

Let the initial molar concentrations of vinyl monomer and monomeric Y groups be [X], and 
[Y]o, respectively, and that of divinyl YY be [YY],. Thus, [Y], = 2[YY].. Since the X and Y 
double bonds are equally reactive, i.e., r1 = r2 = 1, one obtains from the copolymer equation [Eq. 
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(7.17)], Fı = fı. Thus the molar ratio of Y and X groups in the copolymer is simply equal to 
LY [X]. 

At the extent of reaction p (defined as the fraction of X and Y groups reacted), the relative 
number of various monomeric species can be listed as follows: 


Unreacted X’s : [X] (1 - p) 
Reacted X’s : [X]. p 

Unreacted YY’s: = [YY],(1—p)* 
Singly reacted YY’s: 2[YY],(1—p)p 
Doubly reacted YY’s: [YY] p? 


The number of crosslinks can be taken to be the number of YY molecules in which both Y groups 
are reacted and the number of polymer chains is derived in terms of the degree of polymerization 
DP as: 

Number of polymer chains 


Total number of reacted X and Y groups 


DP 
= (Xp + [Y].p)/DP (7.75) 
Therefore, 

j a 

: ; PD’ [YY] DP 
Number of crosslinks per chain = ——————— 
p (X], + [YIP 

plY],DP 


= eee 7.76 
XXI + IYI) em 


It can be generally shown (Rudin, 1982) by probability considerations that a sufficient condition 
for gelation occurs when a polymer sample contains one crosslinked unit per weight average 
molecule or one crosslink per two weight average polymer chains. Thus, at the critical extent of 
reaction pec for the onset of gelation, the number of crosslinks per chain is 5 and the gel point is 
obtained as 


(Xl + 2LYY]o) 


ke (7.77) 
2[YY] DP, 


Peo = 


It may be noted that DP is now replaced, in view of the aforesaid condition for gelation, by 
DP,, which is the weight average degree of polymerization of “primary molecules”. (The term 
“primary molecule” is used to designate the linear molecule that would exist if all the crosslinks 
were severed, that is, the polymer chains formed before any crosslinking reactions occurred. In 
the above problem it may be taken approximately as the weight average degree of polymerization 
that would be observed in the homopolymerization of monomer A under the particular reaction 
conditions.) 

Equation (7.77) indicates that gelation can be delayed, that is, the extent of reaction at which 
gelation occurs can be increased by reducing the concentration of divinyl monomer, by reducing 
the weight average chain length (increase initiator concentration or add chain transfer agents), or 
by using a divinyl monomer in which one or both the vinyl groups are less reactive than those in 
the monovinyl monomer (see later). 
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For [X] >> [YY], Eq. (7.77) reduces to 


aih 
Be = Fa DP, (7.78) 


Equation (7.78) predicts that extensive crosslinking occurs during copolymerization of X and YY 
(see Problem 7.17). The equation holds best for systems containing low concentrations of the 
monomer YY, that is, at higher gel point conversions where the distribution of crosslinks is random. 


Problem 7.17 Bulk polymerization of methyl methacrylate (MMA) at 60°C with 0.9 g/L of benzoyl per- 
oxide yielded a polymer with a weight average degree of polymerization of 8600 at low conversions. Predict 
the conversions of MMA at which gelation would be observed if it is copolymerized with 0.05 mol% of 
ethylene glycol dimethacrylate (EGDMA) at the same temperature and initiator concentration as in the ho- 
mopolymerization case. 


Answer: 


Let MMA be denoted as monomer X and EGDMA as monomer YY. Then [YY])/([X]o + [YY]o) = 0.0005, 
or [X]o/[YY]o] = 2000. 


From Eq. (7.78), with DP,, (assumed to be the same as that of the homopolymer) = 8600, pe = 2000/(2x 
8600) = 0.12. So gelation would be observed at about 12% conversion of MMA. 


Problem 7.18 Calculate the conversion at which gelation should be observed in styrene containing 0.14 
mol% p-divinylbenzene (DVB) and 0.04 mol/L benzoyl peroxide initiator at 60°C. Assume for this calcula- 
tion that the vinyl groups in both styrene and DVB are equally active and that chain termination occurs solely 
by coupling. [Data at 60°C: kg =2.4x10~° s“!; f = 0.4; k3/k; for styrene = 4.54x10~ L mol"! s71] 
Answer: 

[M] for bulk styrene = 8.65 mol L7! 


k 1 M 
Kinetic chain length = ( p ) MI 


K ) 2(Fkay!? DA 
1 8.65 


= (4.54 x 1974) 1/2 ___ sO 
( ) 2(00.4x2.4x10-6)2 (0.0412 


= 470 


DP, = 2x470 = 940. For chain termination solely by coupling, DP„/DP„, = (2 + P)/2 (see p. 384 for 
derivation). For high polymer, P ~ 1. Therefore, DP, = 1410. 


Let X = Styrene, YY = DVB. Then [YY] /((X] +[YY]) = 0.0014 or [X] /[YY] = 713. From Eq. 
(7.78), pe = 713/2(1410) = 0.253 (= 25.3%). 


Problem 7.19 How would the percentage conversion at the gel point change if the styrene-divinyl ben- 
zene mixture of Problem 7.18 contained additionally a mercaptan chain regulator (Cs = 21) at a concentration 
of 2x10~4 mol/L? 


Answer: 
In the presence of chain regulator (neglecting other transfer reactions) [cf. Eq. (6.122)], 
Ke a (2x10-* mol/L) 


= = — + 01) = 15X10 = DP, = 645 
DP, 940 (8.65 mol/L) 
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To determine the proportions of unimolecular (chain transfer) and bimolecular (coupling) termination, let y 
fraction of molecules be terminated by the former mechanism. Therefore, 


(1 — y)(940) + y(940/2) = 645, or y = 0.63 


DP„/DP, is given by a combination of (1 + P) and (2 + P)/2 weighted in proportion to the amounts of umi- 
molecular and bimolecular termination, respectively (see pp. 383-384), that is, 


DP„/DP, = 0.63(1 + P) + 0.372 +P)/2 = 1.81 forp—1 
DP, = 181x645 = 1170 


From Eq. (7.78), pe = 713/(2x1170) = 0.30 (= 30% conversion) 


7.5.2 Vinyl and Divinyl Monomers of Different Reactivities 


Let us now consider a vinyl (X)-divinyl (YY) system in which the reactivities of the vinyl groups 
X and Y are not equal, while the two Y groups are equally reactive. If the Y groups are r times as 
reactive as the X groups, they enter the copolymer r times as rapidly and hence the ratio of Y and 
X groups in the copolymer, d[Y]/d[X], is 


d[Y]/d[X] = r[Y]/[X] (7.79) 


where [X] and [Y] are the concentrations of the X and Y groups in the monomer mixture at any 
instant. Thus, at the extent of reaction p of X groups, [X] = (1 — p)[X], and [Y] = (1 - rp [Y], 
where the zero subscript denotes initial concentrations. By a derivation similar to the above, one 
then obtains an expression for the critical extent of reaction at gelation as 


[X]o + r[Yh 


. == 7.80 
Pe = “PLY],DP» ee) 
For [Y] < [X]o, Eq. (7.80) reduces to 
X 
rl [Yh DP 


An alternative expression to Eq. (7.80) for the gel point conversion can be derived in terms of 
the reactivity ratios of the two types of vinyl groups in X and YY. Let rı represent the relative 
reactivity of a X monomer and a Y monomeric group, when reacting with a free radical of type X, 
and r2, the relative reactivity of a Y group and a X group, when reacting with a Y-type radical, i.e., 


ry = kxx/kxy, r2 = kyy/kyx 


The composition equation for initial copolymer in terms of monomer group concentration [Y], 
becomes [cf. Eq. (7.11)]: 


d[Y] _ [Yh @2L¥]o + [X] 


d[X] [Xh [Yh +71 [X]) 


(7.82) 
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Ignoring the drift of residual monomer composition with conversion and assuming a random dis- 
tribution of crosslinks, we may predict gelation to occur at a conversion pe given (Odian, 1991) 
by 

(ri KE + 2X) Y). + rol YI" 


DPM Kh + Yal] + IX (7.83) 


Pc 


Thus when the double bonds of the divinyl monomer are more reactive than that of the vinyl 
monomer (r2 > rı), gelation occurs at lower conversions. On the other hand, gelation is delayed 
until the later stages, ifr} > r2. 

In the case in which component X is present in considerable excess ({X], >> [Y].), Eq. (7.83) 
reduces to [cf. Eq. (7.81)]: 3 

ri [X] 


LDF, (7.84) 


C 


Problem 7.20 Predict the extent of reaction at which gelation would occur in (a) vinyl acetate-ethylene 
glycol dimethacrylate and (b) methyl methacrylate-divinyl adipate systems both containing 15 mol% of the 
divinyl compound. Assume that the reaction conditions for the two systems are such as to yield the same DPw 
of 1000 for the uncrosslinked polymer. Take rı and r2 values from Table 7.1 for the respective analogous 
vinyl-vinyl copolymerizations. 


Answer: 


(a) For vinyl acetate (X) — ethylene glycol dimethacrylate (YY) system, take rı = 0.015, r2 = 20 (as for 
vinyl acetate-methyl methacrylate). 


Denoting mole fractions of monomer groups X and Y by fx and fy, fx = (85)/(85 + 2x15) = 0.74. So 
fy = 0.26. 


Equation (7.83) in terms of fx and fy becomes 


= Lr + 2fy/fx + ro fy/ fx P (P7.20.1) 


(LO00)Lfy/fx + Sy/fx)? rofylfx + 1)? 


Substituting the values, pe = 0.3107? (= 0.03%) 


(b) For methyl methacrylate (X) — divinyl adipate (YY) system take rı = 20, r2 = 0.015 (same as for methyl 
methacrylate—viny] acetate). So, fx = 0.74, fy = 0.26. Substituting in Eq. (P7.20.1) above, pe = 0.89 
(= 89%) 


7.5.3 One Group of Divinyl Monomer Having Lower Reactivity 


In some instances, one group in a divinyl monomer undergoing copolymerization with a vinyl 
monomer may exhibit much lower reactivity than the other. Consider copolymerization of a vinyl 
monomer X with a divinyl monomer YZ where groups X and Y have equal reactivities but group 
Z has lower reactivity. An example (Odian, 1991) of such a system would be methyl methacrylate- 
allyl methacrylate, where the two methacrylate groups are the X and Y groups and the allyl group 
is the Z group. The copolymer in this case will consist of copolymerized X and Y groups with 
pendant unreacted Z groups until later stages of reaction. 
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Let p be the fraction of X and Y which have polymerized, and r be the reactivity ratio between 
Z and Y groups (r = kxz/kxy). At conversion p (< pc) the concentrations of unreacted X and Y 
have been reduced to [X],(1 — p) and [Y],(1 — p), respectively, while the concentration of unreacted 
Z groups is still essentially [Z],. During a small increase in p, given by dp, the following changes 
in concentrations of X, Y, and Z groups will occur: 


—d[X] = [X],dp (7.85) 
-d[Y] = [Y].dp (7.86) 
[Zl dp 
-d[Z] = [X]dp| ————]r = [Zhr—— 7.87 

A) od ema) =p ey 


The decrease in Z concentration up to the conversion p is given by the integral 


P d 1 
zw [P= tzhrin( —) (7.88) 
icf =p Lip 
The fraction of Z groups which are reacted at the conversion p is therefore 


Piei 
Zk rin( 


The average number of reacted Y groups per chain is closely given by fyzDP where fyz 
represents the mole fraction of YZ in the original monomer mixture and DP is the average degree 
of polymerization. Since the fraction r In [1/(1 — p)] of these are reacted at the Z group, the average 
number of crosslinks per chain is 


i : -) (7.89) 


Number of crosslinks per chain = fyz DP rin( i 


1 -) (7.90) 


When this reaches the critical value of } (with DP replaced by DP,,), gelation occurs. Thus, 


== 1 1 
fe DP rin( = —] — 7 


1 
In — pe) = -Rz DP, 
Pe = 1 — exp[-1/2rfyzDPy)] (7.91) 


Thus gelation is delayed for a lower value of r. 


7.6 Block and Graft Copolymerization 


Initiating polymerization reactions through active sites bound on an already formed (parent) poly- 
mer molecule leads to block or graft copolymerization, the former involving terminal active sites 
and the latter involving active sites attached either to the backbone or to pendant side groups. 
Copolymerizations only by free-radical processes are discussed in this section; those involving 
ionic mechanisms are described in Chapter 8. 

Under suitable conditions block and graft copolymers are produced by carrying out free-radical 
polymerization in a feed mixture containing the parent polymer, the monomer(s) to be grown on 
this polymer, and initiator. However, the product obtained is usually a mixture of the desired block 
and graft copolymer, homopolymer of the added monomer, and unreacted parent polymer. 
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7.6.1 Block Copolymerization 


To produce block copolymers by free-radical polymerization, a radical center must be produced 
at the end of the chain from where fresh chain growth may take place. Two of the ways by which 
such terminal radicals can be produced are (a) decomposition of peroxide groups introduced as 
an internal part of a polymer chain backbone or as an end group and (b) breaking of C—C bonds 
in the polymer chain by mechanical means. More recently, the advent of living or controlled 
free radical polymerization has opened up a more versatile route to block copolymers by the free 
radical process. 


7.6.1.1 Producing Internal Peroxide Linkages 


(a) Peroxide linkages can be introduced in polymer chains by copolymerization of small amounts 
of oxygen with olefinic monomers. For example, oxygen copolymerizes with styrene, methyl 
methacrylate, and vinyl acetate to produce peroxide linkages which can then be decomposed to 
generate free radicals to initiate polymerization of another monomer: 


nHyC=CH 4 o, Initiator ww CH —CH-O—O— CH CH 
CH; x X 
Monomer | Heat 
M 


www CH, —CH-O—M—M—Meww 
X 


(b) Initiation of the parent polymer with polymeric phthaloyl peroxide leads to polymer molecules 
with peroxide linkages. Phthaloyl polyperoxide has the structure 


HOOCC¢ Hy-(—OOC—C¢ H4 —COO-),,-—C6H4COOH 


The polyperoxide with many internal peroxide linkages decomposes by random cleavage to form 
shorter diradical species, which then become incorporated into the backbone of the polymer that 
is produced by the polyperoxide initiation. When fresh monomer is subsequently added and ad- 
ditional heating is supplied, the remaining peroxide linkages in the polymer backbone decompose 
to form terminal radicals where polymerization is initiated leading to a block copolymer. 


7.6.1.2 Introducing Peroxide End Groups 


(a) Initiation with m-diisopropyl benzene monohydroperoxide produces polymer with isopropyl- 
benzene end groups which can be easily converted into hydroperoxide by reaction with oxygen to 
initiate polymerization of a second monomer, as shown below: 


422 Chapter 7 


H 
HAC. -CH3 HC E cn 
CH; CH, 
CH; CH 
pe 
CH CH 
HC~(.-O-My-Mgee H,C~-0- -O-H 


JM 
O- m O- a =M wm 
ae 


(b) An initiator such as azobiscyanopentanoic acid decomposes to produce free radical species 
with a carboxyl group at one end: 


f mi CH I 
HO-C—CH~CHy-C -N=N—C—CHy—CHy~C-OH 


CN CN 
Heat 


i TS 
2HO-C—CH,—-CH,-C* + N, 
CN 


Using such an initiator to produce a polymer, followed by conversion of the carboxylic acid end 
group to the acid chloride annd then reaction of this with t-butyl hydroperoxide results in polymer 
molecules containing t-butyl perester end groups that can be used to initiate polymerization of a 
second monomer. 


7.6.1.3 Mechanical Cleaving of Polymer Chains 


Radical centers can be generated at polymer chain ends by subjecting the polymer to high mechan- 
ical work (shearing action), a process commonly known as mastication. Mastication and mixing 
are conveniently carried out in two-roll mills or internal mixers. If the shearing forces are suffi- 
ciently high, their concentration at individual bonds may cause bond scission, producing radical 
chain ends. Thus block copolymers are obtained by milling either a mixture of two homopolymers 
(Odian, 1991): 


WW WWW www M} www M M www 
+ Milling + —> mw M M sr 
WWW M www www M> www Ma M yw 


or a mixture of a polymer and a monomer: 


milling . 2 
wwwMi ww —> wwwM —S wwM;Maww + wwM2Moww 


In both cases, the process gives rise to mixtures of block copolymer and homopolymer(s). 
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7.6.1.4 Controlled Radical Polymerization 


The methods described above for block copolymer formation by free-radical polymerization are 
associated with problems such as functionalization of polymer end-groups, relatively low initiator 
efficiency, and homopolymer formation. However, an improvement to those systems was brought 
about by the advent of controlled or living radical polymerization (Matyjaszewski, 2000), which 
can be used for the synthesis of various types of block and graft copolymers with controlled struc- 
ture (see Section 11.3). Atom transfer radical polymerization (ATRP) is inititiated by alkyl halides 
(see Section 11.3.1) and, therefore, any polymer which has a sufficiently active alkyl halide end- 
group could initiate ATRP to afford block copolymers. For example, difunctional polydimethyl- 
siloxane macroinitiators that contain alkyl bromide end-groups have been used to initiate ATRP 
of styrene providing control over both chain length and overall composition (Peng et al., 2004). 
More detailed discussion is provided in Chapter 11. 


7.6.2 Graft Copolymerization 


We shall consider here graft copolymerization only by free-radical processes. There are three main 
techniques for preparing graft copolymers via a free-radical mechanism. All of them involve the 
generation of active sites along the backbone of the polymer chain. These include (i) chain transfer 
to both saturated and unsaturated backbone or pendant groups; (ii) radiative or photochemical 
activation; and (iii) activation of pendant peroxide groups. 


7.6.2.1 Chain Transfer Methods 


The methods depend on the generation of active sites by chain transfer to polymer and reason- 
able efficiencies of grafting require rather high chain transfer coefficients. Polymers contain- 
ing carbon-halogen or sulfur-hydrogen bonds are thus susceptible to graft polymerization. The 
carbon-hydrogen bonds in the a-position to a carbonyl group, as in poly(vinyl acetate), and the 
carbon-hydrogen bond adjacent to the double bond in unsaturated polymers, such as polybutadiene 
and polyisoprene, are also suitable for transfer growth. 

Unsaturated rubber polymers are especially important for grafting. Consider, for example, 
the polymerization of styrene in the presence of 1,4-poly(1,3-butadiene) used for producing high- 
impact polystyrene (HIPS). A method consists of dissolving the polybutadiene rubber (about 5 
to 10%) in monomeric styrene containing benzoyl peroxide initiator and applying heat. Polymer 
radicals, formed by (a) chain transfer between the propagating radical and polymer or (b) addition 
(copolymerization) of the propagating radical to the double bonds of the polymer, initiate graft 
polymerization of styrene at the resulting active center on the chain (Odian, 1991): 

@ sm CH—CH=CH—CH,“ 
+ wCH,CHy¢ 


ww CHy)-CH=CH—CH,™ + wo CH CHA — antes 
www = 
fs 2 z- 


(b) 
2 . 
wee CHy-CH—CH-CH,™ 


The relative amounts of the two processes (a) and (b) depend on the nature of the double bond. 
For example, the process (b) predominates when the double bond is more reactive. Although 
the method yields graft copolymer mixed with homopolymer, it has found successful industrial 
applications, as in the production of HIPS mentioned above and ABS copolymer made by copoly- 
merizing styrene and acrylonitrile in the presence of poly(1,3-butadiene). 
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7.6.2.2 Irradiation with Ionizing Radiation 


Polymer radicals having free radical centers on the backbone chain (to initiate graft copolymer- 
ization) can also be produced by irradiation of a polymer-monomer mixture with ionizing radia- 
tion. For example, poly(ethylene-graft-styrene) can be produced by the irradiation of a monomer- 
swollen polymer and the initiation reactions can be represented (Odian, 1991) by 


www CH CH Radiation | awn CH CH www + H’ 
ww CH, — CH www 


H,CHwwm + HC=CHb —> . 
ww C C 2 b mC— CHO 


A mixture of graft copolymer, parent polymer (polyethylene), and homopolymer (polystyrene) 
results from the operation. 


Table 7.3 Relative Sensitivities of Monomers 
and Polymers to Ionizing Radiation 


Monomers G value“ 
Styrene 0.66 
Acrylonitrile 5.0 
Methyl methacrylate 6.1 
Vinyl acetate 9.6 
Vinyl chloride ~10 
Polymers —G value* _ 
Polystyrene 1.5-3 
Polyisoprene 24 
Polyethylene 6-8 
Poly(methy] methacrylate) 6-12 
Poly(vinyl acetate) 6-12 
Poly(vinyl chloride) 10-15 


“Number of radicals formed per 100 eV absorbed. 
Source: Williams, 1971; Allcock and Lampe, 1990 


The grafting efficiency of the radiation method depends on the radiation sensitivity of the 
monomer to be grafted relative to the parent polymer. Efficient grafting can result only if the 
monomer is less sensitive than the polymer as in such a case active sites will be generated primarily 
on the polymer backbone. An indication of the relative sensitivities of monomer and polymer is 
obtained from a comparison of their G values, representing the number of radicals formed per 
100 eV absorbed (see Table 7.3). Thus styrene is grafted efficiently onto poly(vinyl chloride) 
and graftings almost free of polystyrene homopolymer can be obtained. The total radiation dose 
determines the number of grafted chains and the dose rate determines their length. This is because 
the dose rate controls the rate of initiation, which, in turn determines the kinetic chain length and 
hence the molecular weight (Williams, 1971). 

Polymer grafting can also be brought about by UV irradiation with or without the presence of 
a photosensitizer. Most photolytic grafting by UV radiation uses polymers having either pendant 
carbonyl groups or pendant halogen atoms, since these are easily activated by UV radiation. Some 
examples are grafting of vinyl acetate, acrylonitrile, or methyl methacrylate onto poly(methyl vinyl 
ketone) and grafting of styrene or methyl methacrylate on brominated polystyrene. Photolytic 
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grafting resembles radiation grafting, but the depth of penetration by UV is very low as compared 
to ionizing radiation. The process is thus more suitable for surface modification. 

Plasma being a mixture of electrons, ions, excited molecules, radicals and energetic photons 
(UV light) is able to initiate chemical reactions on polymer surfaces and induce polymerization re- 
actions. The plasma induced graft polymerization technique is thus a well known polymer surface 
modification technique (Tu et al., 2004). The process involves two steps. In the first step, active 
sites (including carbon radicals or peroxides) are generated on the polymer using plasma, while 
the second step involves monomer grafting and polymerization at the active sites. Thus the surface 
properties can be changed without altering the material’s bulk properties. Currently, the plasma 
graft polymerization technique is used to modify the surface of expanded polytetrafluoroethylene 
membranes to improve its vapor permeation performance. 
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EXERCISES 


7.1 


7.2 


73 


74 


7.5 


7.6 


7.1 


7.8 


7.9 


What values of rı and rz would yield copolymerization diagrams (F| vs. fı) (a) without inflection 
points, (b) with inflection points ? 

[Ans. (a) rı > 1,72 <1 andr, < l,m > 1; (b) rı < Lr < 1 and rı > 1,r2 > 1 (rare in free-radical 
copolymerizations, but found in some ionic copolymerizations)] 


A monomer pair with r; = 5.0 and r2 = 0.2 is copolymerized beginning with a molar monomer ratio 
[M, ]/[M2] = 30/70. Assuming that the copolymer composition within a 10% conversion interval is 
constant, calculate instantaneous monomer (f1) and copolymer (F1) compositions and cumulative aver- 
age copolymer compositions at 10 mol% conversion intervals up to 100% conversion. Show the results 
graphically as change in composition of the copolymer and the monomer mixture during copolymer- 
ization. 


On the basis of Q and e values predict the copolymerization behavior of the following pairs of monomers : 
(a) Vinyl acetate (Q = 0.03, e = —0.22) and ethyl vinyl ethers (Q = 0.03, e = —1.17). (b) Styrene (Q = 
1.00, e = —0.80) and vinyl acetate (Q = 0.03, e = —0.22). (c) Methyl methacrylate (Q = 0.74, e = 0.40) 
and acrylic acid (Q = 1.15, e = 0.77). (d) Styrene (Q = 1.00, e = —0.80) and acrylonitrile (Q = 0.60, e 
= 1.20). 

The following monomer reactivity ratios were determined for the binary copolymerization of ferro- 


cenylmethyl acrylate (FMA) with styrene (STY), methyl acrylate (MA), and vinyl acetate (VA) [C. U. 
Pittman, Jr., Macromolecules, 4, 298 (1971)]: 


Mı M2 ry r2 
FMA STY 0.020 2.3 
FMA MA 0.14 4.4 
FMA VA 1.4 0.46 


(a) Which of the above comonomer pairs could lead to azeotropic copolymerization ? (b) Is styrene 
more reactive or less reactive than FMA toward the FMA radical ? By what factor ? (c) List STY, MA, 
and VA in order of increasing reactivity toward the FMA radical. 

[Ans. (a) None; (b) STY 50 times more reactive than FMA toward FMA radical; (c) STY > MA > VA] 


Predict the sequence length distributions for an ideal binary copolymerization with rı = r2 = 1 for (a) 
fı = 0.5, (b) fı = 0.8, and (c) fı = 0.2. Compare the distribution patterns and comment on the results. 


Compare the sequence-length distribution (by plotting in a bar graph) in the copolymer from the fol- 
lowing monomer pairs with and without azeotrope for [M;1]/[M2] = 10/90: (a) rı = r2 = 0.1; (b) 
rı = 5.0, = 0.2. 


When 0.7 mole fraction styrene (M1 ) is copolymerized with methacrylonitrile (M2) in a radical reaction, 
what is the average length of sequence of each monomer in the copolymer ? (r1 = 0.37, ro = 0.44). 
[Ans. X(M,) = 1.9; x(M2) = 1.2] 


Acrylonitrile monomer (M4) is copolymerized with 0.25 mole fraction vinylidene chloride (M2). What 
fraction of the acrylonitrile sequences contain 3 or more acrylonitrile units ? (r4 = 0.9, r2 = 0.4). 
[Ans. 0.53] 


Styrene (3.0 M) is copolymerized with methacrylonitrile (1.5 M) in benzene solution by adding benzoyl 
peroxide to a concentration of 0.1 M and heating to 60°C. Calculate for the polymer initially formed 
(a) composition of the copolymer, (b) probability of forming styrene and methacrylonitrile sequences 
that are 3 units long, (c) average sequence lengths of styrene and methacrylonitrile in the copolymer, 
and (d) the run number of the copolymer. [Given : rı = r2 = 0.25 at 60°C.] 

[Ans. (a) Mı 57 mol%, M2 43 mol%; (b) n3(Mı) = 0.0742, n3(M2) = 0.011; (c) X(My) = 1.50, 
X(M2) = 1.12; (d) Nr = 76] 
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7.10 


7.12 


The measurement of bulk copolymerization of styrene (M1) and methyl methacrylate (M2) at 30°C 
in a feed of 0.031 mole fraction styrene with initiation by photosensitized decomposition of benzoyl 
peroxide gave a value of 7.11x1075 mol L7! s~!, while homopolymerization of styrene under the same 
conditions yielded a polymerization rate of 3.02x1075 mol L7! s7! [H. W. Melville and L. Valentine, 
Proc. Roy. Soc., A, 200, 337, 358 (1952)]. Calculate the copolymerization rate from (a) chemical 
control model [Eq. (7.52)] and (b) combined model [Eqs. (7.46) and (7.56)] to compare with the 
experimental value. Use the homopolymerization rate constants at 30°C for styrene as kp = 46 L 
mol! s7! and k; = 8.0x10° L mol`! s™! and for MMA as kp = 286 L mol! s7! and k; = 2.44107 L 
mol"! s~!. The reactivity ratios at 30°C are rı = 0.485 and r2 = 0.422. Make the comparison using 6 
= 10 and ¢@ = 13. Monomer density = 0.90 g/cm’. 


Ans. 


Rate of copolymerization x 10> , mol L~! s~! 


Chemical control Combined model 
Experimental Eq. (7.52) Eqs. (7.46) and (7.56) 
ġ=10 g=13 g=10 = 13 
7.11 5.57 5.18 8.07 7.58 


Methyl methacrylate (M1) and vinyl acetate (M2) constitute a system in which the nature of polyradical 
ends has no discernible effect on the overall rate of termination (i.e., @ = 1; see Problem 7.13 on p. 
451). The copolymerization rate data measured for this system at 60°C are given below [G. M. Burnett 
and H. R. Gersmann, J. Polym. Sci., 28, 655 (1958)] : 


Mole fraction of Rate x 10° 
M2 infeed, fọ (mol L! s~!) 
0.756 29.1 
0.645 42.4 
0.548 60.7 
0.453 78.7 


Calculate the copolymerization rate using the diffusion control model [Eqs. (7.46) and (7.54)] and 
combined model [Eqs. (7.46) and (7.56)] to compare with the experimental value. Take the reaction 
with 0.645 mole fraction vinyl acetate in feed as calibration value to determine R;. [Kinetic parameters : 


rı = 28.6: r2 = 0.035; ky = 589, ky, = 2.9107, kop = 3600, and k2 = 2.1 x 108, all in L mol™! 


s!; monomer density = 0.90 g/cm? |] 


Ans. 
Ratex10°, mol L`! s~! 

h Diffusion control Combined model Exptl. 
0.756 29.7 30.4 29.1 
0.645 42.4 42.4 42.4 
0.548 53.5 52.6 60.7 
0.453 64.2 62.4 78.7 


The ternary copolymerization of a monomer mixture containing 31.24, 31.12, and 37.64 mol% of 
styrene (St), methyl methacrylate (MMA), and vinylidene chloride (VC) at 60°C for 16 h yielded 
at 18.2 wt% conversion a polymeric product which analyzed C 68.66% and Cf 12.07% (by wt) [C. 
Walling and E. R. Briggs, J. Am. Chem. Soc., 67, 1774 (1945)]. Calculate the initial ternary copolymer 
composition to compare with the composition obtained by the analysis. [Reactivity ratios: St/MMA : 
rı =0.52, r2 =0.46; St/VC: rı = 1.8, r2 = 0.087; MMA/VC: rı = 2.4, r2 = 0.36.) 
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7.13 


7.14 


7.15 


7.16 


7.17 


7.18 


7.19 


7.20 
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Ans. 
Feed Terpolymer composition 
composition (mol%) 
Monomer Mol% Found Calcd. [Eq. (7.67)] Calcd. [Eq. (7.68)] 
St 31.24 43.6 46.8 46.4 
MMA 31.12 39.2 38.1 41.9 
VC 37.64 17.2 15.1 11.7 


Predict the initial composition of the terpolymer which would be produced from the radical polymer- 
ization of a solution containing acrylonitrile (47%), styrene (47%), and 1,3-butadiene 6% (by mol). 
[Ans. M; 39%, M? 36%, M3 25% (by mol)] 


(a) Calculate the mole fraction composition of the initial terpolymer which would be formed from the 
radical polymerization of a feed containing 0.414 mole fraction methacrylonitrile (M1), 0.424 mole 
fraction styrene (M2), and 0.162 mole fraction a-methyl styrene (M3). (b) What fraction of styrene 
sequences in this copolymer contain 2 or more styrene units? [Data M)/M): rı = 0.44, r2 = 0.37; 
Mı/M3 : rı = 0.38, m2 = 0.53; Mo/M3: rı = 1.124, r2 = 0.627.] 

[Ans. (a) Fy = 0.44, Fy = 0.35, Fz = 0.21; (b) 0.23] 


What should be the concentration of divinyl benzene in styrene to cause gelation at full conversion of 
the latter, if styrene were being polymerized under conditions such that the degree of polymerization of 
the polymer being formed were 1000? Assume that the vinyl groups in divinyl benzene are equally as 
reactive as those in styrene. 

[Ans. 0.05 mol%] 


Consider the styrene-divinylbenzene system of Problem 7.18 (p. 461). Recalculate the conversion at 
the gel point taking into consideration the unequal reactivity of styrene and divinylbenzene (rı = 0.3, 
r2 = 1.0). 

[Ans. 2.3 mol%] 


(a) How much of the divinyl monomer, ethylene glycol dimethacrylate (EGDMA), should be added 
to methyl methacrylate (MMA) to cause onset of gelation at 20% conversion when polymerization 
is carried out at 60°C in the presence of 0.8 g/L benzoyl peroxide. Homopolymerization of MMA 
under the same conditions is known to yield polymer with DP,, = 1000. MMA and EGDMA can be 
reasonably assumed to be of equal reactivity. (b) Recalculate the amount of EGDMA for the case where 
1% of a chain regulator is used to bring down DP, to 500. 

[Ans. (a) 0.25 mol% ; (b) 0.5 mol%] 


Calculate the conversion for onset of gelation in methyl methacrylate (MMA) containing 0.20 mol% 
ethylene glycol dimethacrylate (EGDMA) when it is polymerized at 60°C in the presence of 0.04 mol/L 
AIBN initiator. Take into account the fact that the chain termination in MMA homopolymerization 
occurs both by disproportionation and coupling, the ratio being 3:1 at 60°C. [Data: k? Ik (for MMA) 
= 1.04x107? L mol"! s7!; kg = 8.45x10~° s7!; f = 0.6; monomer density = 0.90 g/cm?.] 

[Ans. pe = 0.115] 


How would the percentage conversion at the gel point change if the MMA-EGDMA mixture of Exercise 
7.18 contained additionally an effective chain regulator (Cs = 21 at 60°C) at a concentration of 1074 
mol/L? 

[Ans. pc = 0.166] 


Predict the extent of reaction at which gelation would occur in the following two vinyl-divinyl systems, 
both containing 1 mol% of the divinyl component: (a) styrene-ethylene glycol dimethacrylate and (b) 
methyl methacrylate-divinyl benzene. Assume that the reaction conditions for the two systems are such 
as to yield the same DP, of 1000 for the uncrosslinked polymer. Take the rı and r2 values from Table 
7.1 for the analogous vinyl-vinyl copolymerizations. 

[Ans. (a) pe = 0.015; (b) pe = 0.012] 


Chapter 8 


Ionic Chain Polymerization 


8.1 Introduction 


Besides free radical mechanisms, discussed in Chapter 6, there are several other mechanisms by 
which chain or addition polymerization can take place. Prominent among these are ionic mech- 
anisms in which the growing chain end carbon bears a negative charge (carbanion) or a positive 
charge (carbonium ion). In the former case, the polymerization is known as anionic polymeriza- 
tion and in the latter case as cationic polymerization. 

Ionic polymerization can, in general, be initiated by acidic or basic compounds. For cationic 
polymerization, complexes of BF3, AICl3, TiCla, and SnCl4 with water, or alcohols, or tertiary 
oxonium salts are particularly active initiators, the positive ions in them causing chain initiation. 
One can also initiate cationic polymerization with HCl, H2SO., and KHSO,. Important initiators 
for anionic polymerization are alkali metals and their organic compounds, such as phenyllithium, 
butyllithium, phenyl sodium, sodium naphthalene, and triphenyl methyl potassium. 

Several distinctive features of ionic chain polymerization will now be highlighted. Ionic poly- 
merizations are largely selective (as not all olefinic monomers can undergo anionic and/or cationic 
polymerization) and require stringent reaction conditions including high monomer purity, whereas 
most olefinic monomers undergo free radical polymerization under much less stringent condi- 
tions. Cationic polymerization is essentially limited to those monomers with electron-releasing 
substituents and anionic polymerization to those possessing electron-withdrawing groups. Also, 
unlike in free-radical polymerizations where the characteristics of the active centers depend only 
on the nature of the monomer and are generally independent of the reaction medium, in ionic 
polymerizations the polarity of the solvent strongly influences the mechanism and rate of ionic 
polymerization. This can be visualized as follows. 

Ionic polymerizations involve successive insertion of monomer molecules between an ionic 
chain end (positive in cationic and negative in anionic polymerization) and a counterion of opposite 
charge. The macroion and the counterion form an organic salt which may, however, exist in several 
forms depending on the nature and degree of interaction between the cation and anion of the salt 
and the reaction medium (solvent/monomer). Considering, for example, an organic salt A*B™, a 
continuous spectrum of ionicities (““Winstein spectrum’) can be depicted as 


AB = AtB? = AYB? = At||BO = At + Bo 


Covalent Contact Solvent Solvated Free solvated 
bonding (tight) separated (loose) ions 

ion pair ion pair ion pair (8.1) 
(D (ID) (Ii) (IV) (V) 
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A range of behavior from one extreme of a completely covalent species (I) to the other of com- 
pletely free (and highly solvated) ions (V) can be expected, including the intermediate species of 
tight or contact ion pair (II) and the solvent-separated or loose ion pair (III). The contact ion pair 
always has a counterion (or gegenion) of opposite charge close to the propagating center and un- 
separated by solvent, while the solvent-separated ion pair involves ions that are partially separated 
by solvent molecules. 

Ionic polymerizations commonly involve two types of propagating species—an ion pair (II- 
IV) and a free ion (V)—coexisting in equilibrium with each other. The relative concentrations of 
these two types of species, as also the identity of the ion pair (that is, whether of type II, II, or 
IV), depend on the particular reaction conditions and especially the solvent or reaction medium, 
which has a large effect in ionic polymerizations. Loose ion pairs are more reactive than tight ion 
pairs, while free ions are significantly more reactive than ion pairs. In general, more polar media 
favor solvent-separated ion pairs or free solvated ions. In hydrocarbon media, free solvated ions do 
not exist, though other equilibria may occur between ion pairs and clusters of ions (Rudin, 1982). 

Solvents of high polarity are desirable for solvation of ions. However they cannot be employed 
for ionic polymerizations. Thus highly polar hydroxylic solvents, such as water and alcohols, 
react with and destroy most ionic initiators and propagating species. Other polar solvents such 
as ketones form highly stable complexes with initiators, thus preventing initiation reactions. Most 
ionic polymerizations are, therefore, carried out in low or moderately polar solvents such as methyl 
chloride, ethylene dichloride, and pentane. 

Though resembling free-radical chain polymerization in terms of initiation, propagation, trans- 
fer, and termination steps, ionic polymerizations have significantly different reaction kinetics and 
rates of ionic polymerization are by and large much faster than in free-radical processes. This is 
mainly because termination by mutual destruction of active centers, which is prevalent in free- 
radical systems (see Chapter 6), does not occur in ionic systems as macroions bearing the same 
charge repel each other and as a result the concentrations of kpropagating species are usually much 
higher in ionic than in free-radical systems. 

As ionic polymerizations with stringent reaction conditions are more difficult to carry out 
than normal free-radical processes, the latter are invariably preferred where both free-radical and 
ionic initiations give a similar product. For example, commercial polystyrenes are all free-radical 
products, though styrene polymerization can be initiated with free radicals as well as with appro- 
priate anions or cations. However, to make research grade polystyrenes with exceptionally nar- 
row molecular-weight distributions and di-block or multi-block copolymers of styrene and other 
monomers, ionic processes are necessarily employed. 

In this chapter, we will review pure ionic polymerizations —first, anionic polymerizations with 
some of their specific applications and then the polymerization processes which proceed by a 
cationic mechanism. Coordination polymerizations that are complex polymerizations having par- 
tial ionic character and ring opening polymerizations, many of which proceed by anionic and 
cationic mechanisms, will be reviewed in subsequent chapters. 


8.2 Ionic Polymerizability of Monomers 


The processes whereby a given alkene reacts depend on the inductive and resonance characteristics 
of the substituent X in the vinyl monomer CH? =CHX. Electron-releasing substituents, 


wo 
R, RO-, R—C==C— and O- 
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increase the electron density of the double bond and thus facilitate addition of a cation: 


TP i 

eae + A'B ~ i ACH, — C7 eB 8.2 
4 p (8.2) 

H X X 


Thus monomers like isobutylene (VI), 3-methylbutene-1 (VID), styrene (VIII), and vinyl ethers 
(IX) all undergo cationic polymerization. 


ie 
a a | ae a Tm CH3— e 
CH3 CH(CH3) C,H; OR 
(VD (VID (VOD (x) 


Electron-withdrawing substituents, such as 


—C=EN, i —C—OH or — OR 


decrease the electron density of the double bond and thus facilitate attack of an anionic species on 
the double bond to produce an anion: 


es i 

C=C + ABT —> BCH,—C ... A" (8.3) 
/ NoE | 
H X X 


The electron-withdrawing substituents may also stabilize the anion, e.g., in acrylonitrile poly- 
merization, where the stabilization of the propagating carbanion occurs by delocalization of the 
negative charge over the a-carbon and the nitrogen of the nitrile group: 


H H 
| 
ii ae al r R a (8.4) 
C=N CN: 


Problem 8.1 Contrary to the high selectivity shown in cationic and anionic polymerization, radical initia- 
tors can bring about the polymerization of almost any carbon-carbon double bond. However, aldehydes and 
ketones are not activated by free radicals. Explain, giving reasons. 


Answer: 


Radical species are neutral and do not have stringent requirements for attacking the z-bond. Moreover, 
resonance stabilization of the propagating radical occurs with almost all substituents, for example, 
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is ie 
aww tm ACHE 
C=N C=N' 
H H 
SED T <—_> TT 
cI ÇI 
CH, — CH <> wm CH, —CH CH,—CH <> CH, —CH 


Radical initiation can thus take place with almost any carbon-carbon double bond. Aldehydes and ketones are 
not activated by free radicals because of the difference in electronegativity of the C and O atoms. Aldehydes 
and ketones are polymerized only by ionic or heterogeneous catalytic processes. 


Phenyl and alkenyl (—CH=CH2) substituents, although electron-pushing inductively, can res- 
onance stabilize the anionic propagating species in the same manner as a cyano group [Eq. (8.4)]. 
Monomers such as styrene and 1,3-butadiene can therefore undergo both anionic and cationic 
polymerizations. 

The applicability of various types of initiation mechanisms to the polymerization of common 
olefin monomers (Lenz, 1967) is summarized in Table 8.1. We see that isobutene can be polymer- 
ized only by cationic initiation, whereas monomers, such as vinyl chloride, methyl methacrylate, 
or acrylonitrile with their electronegative substituents, will not yield at all to cationic initiation. 
Vinyl chloride does not also respond to anionic initiation. Though halogens can withdraw elec- 
trons inductively and push electrons by resonance, both effects are relatively weak. Vinyl chloride 
thus does not undergo either anionic or cationic polymerization. 


Table 8.1 Polymerizability of Olefin Monomers by Different Processes? 


Olefin Monomer structure Free Cationic Anionic Coordi- 
monomer radical nation 
Ethylene CH? =CH» + + = + 
Propylene CH2 =CHCH3 - = = + 
Butene-1 CH2 =CHC2H5 - - - + 
Isobutene CH) =C(CH3)2 — + — - 
Butadiene-1,3 CH2 =CH-—CH=CH + + + + 
Styrene CH2 =CHPh + + + + 
Vinyl chloride CH =CHC1 + - - + 
Methacrylic 

esters CH2 =C(CH3)COOCH3 + - + + 
Vinyl ethers CH, =CHOR - + aa + 
Acrylonitrile CH2 =CH-CN + -= + + 


“Symbol + signifies that the monomer can be polymerized to high molecular weight polymer by the initiation process 
indicated. Source: Lenz (1967). 
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8.3 Anionic Polymerization 


8.3.1 Anionic Initiation 


While initiators for anionic polymerization are all electron donors of varying base strengths, the 
initiator type required for a particular polymerization depends on the ease with which an anion 
can be formed from the monomer. In general, the strength of the base required to initiate poly- 
merization decreases with increasing electronegativity of the substituent on the monomer. The 
electronegativity of some selected substituents is in the following order (Lenz, 1967): 


-CN > -COOR > -C6H5 = —CH=CH2 > -CH3 


Since acrylonitrile has a strong electronegative substituent (—CN), it can be polymerized by the 
relatively weak sodium methoxide (NaOCH3) and vinylidene cyanide carrying two —CN 
groups on the same carbon atom can be polymerized even by weaker bases like water and amines. 
However, for polymerization of nonpolar monomers such as conjugated olefins very strong bases 
like metal alkyls should be used as initiators. 

The principal anionic initiation processes are (a) nucleophilic attack on the monomer which 
produces one-ended (monofunctional) anions by addition of the initiator across the double bond 
of the monomer [see Eq. (8.3)] and (b) electron transfer by alkali metals that leads to two-ended 
(bifunctional) anions (see later). 


8.3.1.1 Nucleophilic Attack 


Nucleophilic attack on an olefinic monomer is essentially addition of a negatively charged entity 
to the monomer [Eq. (8.3)]. Examples of some reactive bases which can initiate in this manner 
are n-C4HoLi, CeHsCH2Li, NaNH2, KNH2, CeHsCH2Na, CH3ONa, and EtMgBr. Alkyllithium 
compounds are generally low melting and soluble in hydrocarbon solvents. A common example 
is n-butyllithium, which is usually available as a solution in n-hexane. Initiation involves addition 
of the metal alkyl to the olefinic monomer: 


Y 

| 
CyHoLi + CH7=CHY —> CH—CH-C7 Li 

H 


(8.5) 


This type of initiation is known as monofunctional initiation as it produces one active (ionic) site. 
Propagation takes place by the addition of monomer to the ionic site : 


Y 
| 
C4Ho— CH, =C: Li + nCH;=CHY —> 


H i 
—_.+ 
catty fon,cHv} cH, Li 

ei 


Alkyllithium initiators find extensive use because of their solubility in hydrocarbon solvents. 
Alkyls and aryls of the heavier alkali metals, such as Na and K, are poorly soluble in hydrocarbons 
because of the greater ionic character of the Na—C and K-C bonds. 


(8.6) 
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Potassium amide initiator is used in liquid ammonia, which has high dielectric constant (~ 
22). This is one of the ionic systems in which the active centers behave kinetically as free ions. 
Initiation involves the dissociation of potassium amide followed by addition of amide ion to a 
monomer unit (Ghosh, 1990): 


KNH) = K* + NH3 (8.7) 


H H 


_ | = 
NH, + H,C=C —» H,N—CH)—C a 


Styrene and other monomers can be polymerized by KNH; in liquid ammonia. 


8.3.1.2 Electron Transfer 


Alkali metals can donate electrons to the double bonds yielding anion radicals and positively 
charged, alkali-metal counterions. This may result either from direct attack of the monomer on the 
alkali metal, or from attack on the metal through an intermediate compound such as naphthalene. 
Both result in bifunctional initiation, that is, formation of species with two carbanionic ends. 


Alkali Metals Initiation by direct attack on the alkali metal involves transfer of the loosely held 
s electron from a Group IA metal atom to the monomer. A radical ion (i.e., a species having both 
ionic and radical centers) is formed: 


lit + CHC _ CH — CF Li" (8.9) 
X X 


The radical ion may dimerize to give a dianion : 


i i j 

2°CH;—CT Li —> Li ?C—CH,—CH,—C: Li (8.10) 
i 2 4 
X x X 


The initiation process thus results in a bifunctional dicarbanion species capable of propagating at 
both of its ends. 

Free alkali metals may be employed as solutions in certain ether solvents, in liquid ammonia, 
or as fine suspensions in inert solvents. The latter are prepared by heating the metal above its 
melting point in the solvent, stirring vigorously to form an emulsion, and then cooling to obtain a 
fine dispersion of the metal. 


Alkali Metal Complexes Polycyclic aromatic compounds can react with alkali metals in ether 
solution to produce radical ions (Szwarc, 1968). The reaction involves the transfer of an electron 
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from the alkali metal to the aromatic compound. For sodium and naphthalene, for example, 


Ne + — OOF ean 


X) 


Tetrahydrofuran (THF) is a useful solvent for these reactions. Sodium naphthalenide is formed 
quantitatively in this solvent, but dilution with hydrocarbons results in precipitation of sodium and 
regeneration of naphthalene. 

The naphthalene anion radical (greenish-blue) rapidly transfers an electron to a monomer such 
as styrene to form the radical anion (XI) (¢ = -C6H5 ) : 


Sr Hu gy 
* Nat n=, == CIC) + ft TC—C | Na" 
OU st + e=, [ee e ee] eam 
ọ¢ H d H 
XD 


The styryl radical ion in (XI) is a resonance hybrid of two forms having both anion and radical 
centers. It dimerizes by reacting at the radical ends to form a red-colored dicarbanion (XID : 


ie H H H H H 
+ + — | | = + 
2 TE C: “<> T :C— C Na —> Na :Ç—CH— CH Ç: Na 


b H b H b o 
(xD (XID 


(8.13) 


The initiation process is thus similar to alkali metal initiation described earlier [cf. Eq. (8.10)]. The 
dimerization of radical anions is highly probable because of their high concentrations, typically 
10-3-10~? M, and the large rate constants (106—108 L/mol-s) for radical coupling (Odian, 1991). 
Anionic propagation takes place by monomer addition at both carbanion ends of the styry] dianion: 


H H 
| l + 
Nat FC—CHy—CH,—CE Na + (rn) HC CH, —> 


b H b 


Na 7 fo cmon- cH} cori a Nat (8.14) 


' 


Anionic propagation is generally much faster than free-radical reactions. 


Problem 8.2 Account for the fact that anionic polymerizations are generally much faster than free-radical 
reactions although the k, values are of the same order of magnitude for monomer addition reactions of 
radicals and solvated ion pairs (free macroanions, however, react much faster). 


Answer: 


The concentration of radicals in free-radical polymerizations is usually about 10-°-10-7 M while that of 
propagating ion pairs is 1074-107? M depending upon initiator concentrations. As a result, anionic polymer- 
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izations are 107-10’ times as fast as free radical reactions at the same temperature. 


8.3.2 Termination Reactions 


To carry out anionic polymerizations, extraneous substances such as water, oxygen, carbon diox- 
ide, or any other impurities that may react with the active ionic centers, must be absent. Since 
glass surfaces contain adsorbed water, special precautions are taken in laboratory polymerizations, 
such as flaming under vacuum, to remove this water. In addition, the monomer itself should be 
very pure and free from inhibitors. 


8.3.2.1 Living Polymerization 


Following the work of Michael Szwarc in the mid-1950s, it became known that under carefully 
controlled conditions carbanionic living polymers could be formed using electron transfer ini- 
tiation. Because the growing chains in anionic polymerization, carrying negative charges, can- 
not react with each other, there is no compulsory chain termination through recombination. In 
polymerization systems, especially of nonpolar monomers such as styrene and 1,3-butadiene in 
perfectly dry inert solvents such as benzene and tetrahydrofuran, initiated by organometallic com- 
pounds, termination or transfer is virtually nonexistent and active chain ends can thus have indef- 
inite lifetimes. Such systems are referred to as living polymers. Propagation continues till 100% 
conversion of the monomer is reached, while the propagating anionic centers remain intact and 
capable of further propagation if more monomer (either same or different) is added. 

One of the first living anionic polymerization systems studied was the polymerization of 
styrene initiated by sodium naphthalene (p. 481). If the reaction system is highly purified so 
that all impurities that are liable to react with the carbanions are excluded from the system, prop- 
agation continues until all styrene monomer has been consumed, but the color of the polystyryl 
carbanions remains unchanged indicating that the carbanions are intact. That the resulting polymer 
chains are still active can be easily demonstrated by adding more styrene to increase the molec- 
ular weight or by adding another monomer, such as isoprene, to form a block copolymer. [Note: 
There is no reason in theory why chain growth should not continue indefinitely if more and more 
monomer is added and chain terminators are absent. In practice, however, small amounts of ter- 
minators are invariably produced in the system and chain growth also slows down due to a large 
increase in viscosity at high molecular weight or due to chains becoming insoluble (Allcock and 
Lampe, 1990).] 

The living chains can be terminated when desired by adding suitably reactive materials, such 
as water, alcohol, or ammonia. The unique features of living polymer systems described above 
provide fascinating possibilities of polymer syntheses, which include making monodisperse poly- 
mers (by controlled addition of monomer), structures with specific end groups (by chain termi- 
nation with appropriate reagents), and block copolymers (by sequential addition of two or more 
monomers). These are discussed more fully in a later section. 


8.3.2.2 Termination by Transfer Agents 


Water is an especially effective chain terminating agent. For example, its C;;s value is approxi- 
mately 10 in the polymerization of styrene at 25°C with sodium naphthalene. So the presence of 
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even trace quantities of water can significantly reduce the polymer molecular weight and polymer- 
ization rate. Water terminates propagating carbanions by proton transfer : 


i i 
i ee + H,O —> eee + HO™ (8.15) 
x X 


The hydroxide ion formed is not sufficiently nucleophilic to reinitiate polymerization and the active 
center is thus effectively destroyed. In contrast, the Crs value for ethanol being very small (~ 
1073), its presence in small amounts does not limit the molecular weight. 

Oxygen and carbon dioxide from the atmosphere add to propagating carbanions to form peroxy 
and carboxy] anions : 


i i 

www CH —CE + O —> o a (8.16) 
X X 
H H O 
l— Lo F = 

mC — C + cCOo, —> wC —C— C—O} (8.17) 
X X 


As these anions are not reactive enough to continue propagation, the chains are effectively ter- 
minated. By adding a proton donor subsequently to the polymerization system, the peroxy and 
carboxyl anions are converted to OH and COOH groups. A notable example of the application of 
the latter reaction is the preparation of carboxyl ion terminated polybutadiene by anionic polymer- 
ization of butadiene with bifunctional initiators, followed by termination with CO3 : 


H H 
_| í> 
Nat F C-CH=CH-CH, www CH, -CH=CH- C Nat + CO, —> 
H H 
o 
dt lI I] 


Na) }O—C—CH,—CH=CH—CH, Www CH=CH—CHy-C—O7 Na 
(8.18) 


Reaction with acid then yields carboxyl-terminated polybutadiene (CTPB). Termination with ethy- 
lene oxide similarly generates hydroxyl end groups: 


H O 
| 4 Z N — 4 CH,;0OH 
ww Ce Li + CH,——CH, —> www: CH,—CH,—CH,—-O: Li Se cnet 
| 
H www CH,—CH,—CH,-OH + LiOCH; 
(8.19) 


Hydroxyl-terminated polybutadiene (HTPB) can be produced by such reactions. Such elas- 
tomers of low molecular weight (3000—10,000) are used as binders and liquid rubbers. Telechelic 
polymers (that is, polymers with reactive end groups), containing one or more end groups with the 
capacity to react with other molecules, can be prepared in this way. 
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8.3.2.3 Spontaneous Termination 


As mentioned earlier, living polymers do not, in reality, have infinite life times even in the complete 
absence of terminating agents as they undergo decay on aging, a process known as spontaneous 
termination. Polystyryl carbanions, known to be the most stable of all anionic chains as they 
can survive for weeks in hydrocarbon solvents, undergo spontaneous termination by a mechanism 
known as hydride elimination, as shown by the equation (Odian, 1991): 


H 
i _ 

maw CH CH) CH — CF Na —> wwCHy CHp CH=CH + H: Na 
o XD (XIV) (8.20) 


This may be followed by other reactions (Odian, 1991), such as abstraction of an allylic hydrogen 
from (XIII) by a carbanion center (to yield an unreactive anion) or hydrogen abstraction by the 
sodium hydride (XIV) formed in Eq. (8.20). 


8.3.3 Polymerization with Complete Dissociation of Initiator 


In polymerizations initiated by alkali metals or insoluble organometallic compounds used as fine 
dispersions in organic media, the initiation step occurs at a phase interface while subsequent prop- 
agation reactions may occur in a homogeneous phase. The kinetics of such reactions combining 
heterogeneous initiation and homogeneous propagation are often very complex and specific to 
the given systems. However, useful generalizations may be made for systems in which both the 
initiation and propagation processes are homogeneous. Such systems are discussed next. 

There are some cases in homogeneous anionic polymerization in which the initiator dissoci- 
ates completely with quantitative transformation into the active ionic form and the process is also 
virtually instantaneous (stoichiometric polymerization). This is the case, for example, when one 
uses, as initiators, alkali organic compounds (e.g., phenyllithium, butyllithium, or sodium naph- 
thalene) in solvents which have unshared electron pairs (Lewis bases). The alkali forms stable 
positively charged complex ions with the Lewis base (Lenz, 1967), while the organic residue be- 
comes negatively charged (carbanion) and can initiate an ionic polymerization [cf. Eqs. (8.11) and 
(8.12)]: 


H + 
l= 

CyHoLi + | ——* CMO: + [H= | 
H 


ce) 
i 4 
+ Nọ ——> | + [Lic : NH] 
f ZA 


OO = 9-[CO* OQ) J 


Since the polymerization kinetics in the above cases are extremely simple, ionic polymeriza- 
tion kinetics can be conveniently classified according to whether the initiators are quantitatively 
and instantaneously dissociated or not. 


Li 
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8.3.3.1 Polymerization Kinetics 


For a kinetic analysis, the process of anionic polymerization is divided in the conventional way 
into three main steps, viz., initiation, propagation, and termination. Representing the initiator by 
CA (or CTA’) and a terminating agent by X, the reactions can be written (Allcock and Lampe, 
1990) as: 


Initiation: CA + M —> AM” Ct (8.21) 
Propagation: AM” C* + M a, AMM” C* (8.22) 
AMM” C* +M a AMMM” C* (8.23) 

AM,-;M~ Ct +M as AM,M~ C+ (8.24) 

Termination: AM,M~ C* (+X) i AM,M (8.25) 


(Depending on the solvent used, the propagating ion may behave as a free ion AM,M_ or as 
an ion pair AM,M~ C*, or as both.) Living polymerizations are characterized by the absence of 
termination (as well as transfer) reactions. The initiators in most cases are reactive enough to 
give instantaneous initiation, i.e., k; > kp, which implies that no initiation takes place during the 
polymerization and the number of chain (growth) centers to which the monomer molecules may 
add reaches its maximum value before polymerization begins. There is, moreover, no change in the 
number of chain centers during the polymerization as there is no chain termination. Denoting the 
total concentration of anions (of all degrees of polymerization) by [M7] (the positive counterion C* 
is not shown for simplicity) and assuming that the initiation reaction (8.21) is both instantaneous 
and complete, one can write : 


[M] = [CA], (8.26) 
Hence the rate of polymerization is given by 
Rp = —d[M]/dt = k [M _][M] = k,[CA],[M] (8.27) 


The rate constant k, is, in fact, an apparent rate constant or overall rate constant since there will be 
both undissociated (ion pair) and dissociated (free ions) species in the polymerization system and 
their propagation rate constants are different (discussed later). Integrating Eq. (8.27) one obtains 
the time dependence of the monomer concentration as 


[M] = [M]spexp(-kplCA]¢) = (Ml - [CAl)exp(-k [CA] t) (8.28) 


where the subscript ‘o’ indicates initial value and [M]sp represents the monomer concentration at 
the start of propagation [Eq. (8.22)], that is, the original monomer concentration less the concen- 
tration of the initiator CA which is quantitatively reacted in the initiation step [Eq. (8.21)]. Using 
[M] measured at various times after the polymerization is started and knowing [M], and [CA], 
one may thus determine kp. The significance of kp will be discussed in a later section. 


8.3.3.2 Experimental Methods 


The simple technique of dilatometry, described earlier (p. 324), cannot be used to measure rates 
of anionic living polymerizations as the reactions proceed too rapidly. For such fast reactions, the 
so-called stopped-flow technique (Sawamoto and Higashimura, 1978, 1979, 1986, 1990) is useful. 
In stopped-flow, rapid-scan spectroscopy, separate solutions of monomer and initiator are mixed 
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Figure 8.1 Schematic representation of a flow tube for fast polymer- 
ization reactions; M monomer; S solvent; I initiator; C chain termina- 
tor; X mixing jets; Y receiving container. 


instantaneously in a mixing chamber and forced into a capillary tube inside a spectrophotometer 
where the flow is stopped and the change in absorbance of propagating species or monomer is 
measured with time. 

The rate can also be determined with a modified apparatus (Fig. 8.1) by short-stopping the 
polymerization with a highly active terminating agent, which results in incorporation (into the 
polymer) of an easily detectable end group derived from the terminating agent. The method in- 
volves forcing a rapidly mixed monomer-initiator solution through the flow tube into a solvent 
containing a terminating agent to quench the reaction mixture. A turbulent flow must prevail in 
this flow tube (Reynolds number > 10,000) since the chains would have growth times of differing 
duration if the flow is laminar. As the reaction time is given by the ratio of tube volume to flow 
rate, very short reaction times (0.005 to 2 s) can be realized in this manner. By analyzing ei- 
ther the polymer or unreacted monomer in the quenched reaction mixture, the extent of monomer 
conversion, and hence polymerization rate, can then be obtained. 


Problem 8.3 Consider the flow tube for rapid polymerization reactions shown schematically in Fig. 8.1. 
Let V be the volume of the tube (distance between the mixing jets) and V be the volume of the total liquid 
flowing through in time ¢. Denoting the total concentration (constant) of polymer chain ends by Eq. (8.26) 
and the concentration of monomer units in polymer by [M], derive an expression for monomer conversion 
as a function of t. 

Answer: 


The effective polymerization time is the same as the residence time T given by 
T = VIVA (P8.3.1) 


Integrating the rate of propagation, given by Eq. (8.27), and assuming [M]sp ~ [M]o for high polymers, that 
is, high monomer to initiator ratio, one obtains 


-In[M]| = kp[CAlot | (P8.3.2) 
where [M]; = [M]o — [M]p. Equation (P8.3.2) is transposed with the aid of Eq. (P8.3.1) into 
M 
Inf = py] = InP = kpICAlT = kplCAL( $): (P8.3.3) 
[M] V 


where p is the monomer conversion given by p = ([M]o — [M]7)/[M]o. 
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8.3.3.3 Average Kinetic Chain Length 


As there is no termination step in a true living polymerization, the growth of chains, once initiated, 
can stop only when the monomer is completely consumed. In a living polymerization with fast 
and complete dissociation of initiators the average kinetic chain length will thus be given by 


Monomer molecules consumed [M]sp — [M] (8.29) 
Ve) A ee : 
Number of chain centers [CA], 
where 
[M]sp = [Mh - [CA], (8.30) 
Substituting [M] from Eq. (8.28), v is given as a function of time (t) by 
[M]sp —ky[CA]ot 
y= 1 at 2 aa 8.31 
[CA], | ) SRH 


The maximum value of v is obtained at the completion of reaction or in the limit of t — co as 


Yo = [M]sp (8.32) 
[CA], 


8.3.3.4 Average Degree of Polymerization 


The average degree of polymerization represents the average number of monomer molecules poly- 
merized per polymer molecule formed. In the case of monofunctional initiation [cf. Eq. (8.5)], the 
number of polymer molecules formed is equal to the number of chain centers (or initiators) and 
the number average degree of polymerization then is [cf. Eq. (8.29)] 


= M], — M M]sp + [CA],} — [M 

pp - Me- Ml mM _ (Msp + [CA}.) - MI lsp + [CA}) BUSSEN (8.33) 
[CA] [CA], 

In the case of bifunctional initiation that produces double-ended active species [cf. Eq. (8.10)], 

the number of polymer molecules formed is 1/2 of the number of chain centers or initiators. The 

average degree of polymerization is then given by 


a IM, = MI _ (Mls i [CA}) - M] _ E ren 
[CA], 5[CA]o 


Problem 8.4 In an experiment (Szwarc et al., 1956), styrene (9.2 g) was added to 60 mL of tetrahydro- 
furan containing 3.3x107~* mol of sodium naphthalene. Polymerization was carried out at —80°C and after 
completion (as determined by constant viscosity) an additional 7.7 g of styrene in 50 mL of tetrahydrofuran 
was added. The final yield was 16.6 g of polystyrene, i.e., about 100% conversion. Calculate the average 
molecular weight of the final polymer. 


Answer: 
Total moles of styrene = (9.2 g + 7.7 g)/ (104 g mol7!) = 0.1625 mol; moles of initiator = 3.3x10~* mol. 


Since sodium naphthalene causes bifunctional initiation, Eq. (8.34) is applicable. At complete conversion of 
monomer, 


DP [M]o Total moles of monomer 
[CA] /2 ~ (Total moles of initiator) /2 
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Since no initiator is added in the second stage of polymerization, 


DP = (0.1625 mol)/4(3.3x10~4 mol) = 985. 


Problem 8.5 Sodium (1.15 g) and naphthalene (7.0 g) were stirred together in 50 mL dry tetrahydrofuran 
to form a dark green solution of sodium naphthalenide. When 1.0 mL of this green solution was introduced 
into a solution of styrene (208 g) in dry tetrahydrofuran by a rapid injection technique, the latter turned 
reddish orange. The total final volume of the mixture was 1 L. Assume that the injection of the initiator 
resulted in instantaneous homogeneous mixing. After 5 seconds of reaction at 25°C, the styrene concentration 
was determined to be 1.73107? mol/L. After 10 seconds the color of the reaction mixture was quenched by 
adding a few milliliters of methanol. The polymer was then precipitated and washed with methanol. Calculate 


(a) Overall propagation rate constant; (b) initial rate of polymerization; (c) rate of polymerization after 10 
s; (d) molecular weight of the final polymer. 


Answer: 


Given quantities: Sodium = 1.15 g = 0.05 mol; naphthalene = 7.0 g = 0.055 mol; styrene = 208 g = 2.0 
mol 


Since naphthalene is in excess, the total number of moles of initiator in 50 mL THF is 0.05 mol. The number 
of moles transferred with 1 mL of dark green solution = 0.05/50 = 10-3 mol. Hence, [CA] = 107? mol L~!. 


[M] = 2.0 mol L7! 
[M]sp = [M - [CA], = (2.0 mol L~!) — (0.001 molL~!) = 2.0 mol L7. 


(a) From Eq. (8.28), 


In([M]sp / IM]) 
[CA]ot 
In[(2.0 mol L~!)/(1.73 x 1072 mol L7!) 


= oO _ = 950 Lol! 57! 
(10-3 mol L~!)(5 s) 


as 


(b) From Eq. (8.27), 


(Rp) = (950 Lmol! s7!) (107? mol L!)(2.0 mol L7!) = 1.90 mol L~! s~! 


(c) From Eq. (8.28), att = 10s 


[M] = (2.0 mol L~!) exp[—(950 L mol™! s~!)(10 mol L7!)(10 s)] 
= 1497x107 mol L`! 

Rp = (950 Lmol! s7!) (107? mol L')(1.497 x 10+ mol L7!) 
= 1.42x107+ mol L7! s7! 


(d) From Eq. (8.34), 


DP, = 2(2.0molL7! — 1.497x10~4 mol L~!)/(10™ mol L7!) = 4000 
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8.3.3.5 Distribution of the Degree of Polymerization 


The distribution of the degree of polymerization in a “living” ionic polymerization is quite dif- 
ferent from that in free-radical polymerization, since the former has no termination or transfer 
mechanism. A derivation of this distribution given below follows that given in Allcock and Lampe 
(1990) and Cowie (1991). 

Consider the reactions (8.21) to (8.24) for an anionic polymerization, with the initiation step 
[Eq. (8.21)] being instantaneous. Application of mass balance, coupled with the usual assumption 
that kp is independent of chain length, then gives the following set of rate equations : 


d[AM 

[A l L Ck [AM"][M] (8.35) 
d[AMM 

l = l- kp [MI([AM7] — [AMM7]) (8.36) 
SAMMI = kp [M]I([AMM7] - [AMMM7]) (8.37) 
d{[AM,M— _ _ 

“ee = ky[M\([AMy-1M7] - [AM,M7]) (8.38) 


Substitution for [M] from Eq. (8.28) into Eq. (8.35) yields 


d[AM7] = 
{aa = -kp Mly fe kp [CA tgr (8.39) 
Since [AM7] = [CA], att = 0, integration gives 
M]s _ 
[AM7] = [CA1 exp|- — (1 së aleen] (8.40) 


Combining this equation with Eq. (8.31) gives [AM] in terms of kinetic chain length v as 
[AM] = [CA],e” (8.41) 
In this way the time ¢ is eliminated from Eq. (8.35). Equation (8.31) may also be used to eliminate 


t from the remainder of the rate equations (8.36) to (8.38). Thus, after differentiation of Eq. (8.31) 
with respect to f that yields 


dv = kp[M]spe kr CA ay (8.42) 


one may substitute Eqs. (8.28), (8.41), and (8.42) into Eq. (8.36), with elimination of t, to trans- 
form the rate equation (8.36) for [AMM] into the differential equation 


d[AMM ]/dvy + [AMM] = [CA],e-” (8.43) 


The solution of this linear, first-order differential equation of a standard form is given by 


e [AMM] = [ete ay +z (8.44) 
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where e” is the integrating factor and z is a constant of integration. Integrating Eq. (8.44) and 
evaluating z by the condition that at v = 0 (i.e., att = 0), [AMM] =0, one obtains 


[AMM] = [CA]ve7” (8.45) 


The above process is then repeated for Eq. (8.37). Thus, elimination of t by substitution of Eqs. 
(8.28), (8.42), and (8.45) into Eq. (8.37) yields the differential equation 


d[AMMM"]/dv + [AMMM7] = [CA], ve” (8.46) 


This equation may be solved in the same manner as Eq. (8.43) using the integrating factor e”. This 
yields 


[AMMM ] = LICA] v e7” (8.47) 


Proceeding in this way for the other equations in the sequence (8.37) to (8.38), it soon becomes 
apparent that the concentration of the anion containing x monomer molecules can be expressed by 


_ yl ev’ 
and at the completion of polymerization by 
= ve! evo 
[AMy-1M™ Joo = [CA], GoD (8.49) 


Since each initial anion leads to one polymer species, the fraction of polymer having degree of 
polymerization x at the end of reaction is 


Number of anions containing x monomers 
 — 
Number of anions 
[AMy-1M oo 
[CA], 


vel e> 


Thus the mole fraction of x-mer in the polymer is Poisson’s distribution formula (Flory, 1940). 
Substituting for Yæ from Eq. (8.32), and using [M]sp = [M], for high polymers (i.e., high ratio of 
initial monomer to initiator), one obtains 


1 [M], \*" 
= —— —[M],/[CA 8.51 
oole) expC IMI/ICAL) (8.51) 
The number distribution of v (or DP) can be predicted from Eq. (8.50) or (8.51) when the 
average kinetic chain length, Yæ (= [M]./[CA],), is known. 
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Problem 8.6 —_1-Vinylnaphthalene is polymerized anionically at 25°C in a tetrahydrofuran solution con- 
taining initially 4x10-? M C4HoLi and 0.204 M 1-vinylnaphthalene. Show graphically the number fraction 
and weight fraction distributions of the degree of polymerization. Show for comparison the corresponding 
distributions for a polymer of the same average degree of polymerization produced by free-radical reaction 
(assume termination by disproportionation). 


Answer: 
From Eq. (8.30), [M]sp = (0.204 M) — (4x1073 M) = 0.20M. 


From Eq. (8.32), Yoo = (0.20 mol L“!)/(4x 1073 mol L7!) = 50. 


50 x-1 ,-50 
Fiom Ea. 50); ays e 
œ- D! 


The values of nx calculated for different assumed values of x (50 < x < 50) are plotted against x in Fig. 8.2. 


, or Inn, = (x-— 1)In50 — ln(x - 1)! - 50. 


The weight fraction distribution w, may be obtained by multiplication of the number fraction distribution, 
Eq. (8.50), by x/DP (= x/V.). When that is done, one has 


= a x2 o-Yo or Inwy = lnx — In(x—1)! + (4@-2)INVoo — Vo 
x-1)! 


Wx 


Figure 8.2 also shows a plot of wx vs. x for Væ = 50. It should be noted that the observed distributions would 
usually be somewhat broader than those shown in Fig. 8.2. This anomaly may be attributed to the presence 
of propagation-depropagation equilibrium: 


A-M,-M~ +M = A-My4, -M7 


which was not considered in the derivation of Eq. (8.50). 


The distribution function for the degree of polymerization of polymer formed by a free-radical chain 
mechanism in the absence of chain transfer depends only on the kinetic chain length and the ratio of dispro- 
portionation to coupling (k;q/k;c). The distribution is given (Allcock and Lampe, 1991) by 


1 1\* @=D/v + Xka l krc) 
= 1 P8.6.1 
tee (eG) ae Uka Thee) or 
For termination solely by disproportionation, i.e., kre = 0, Eq. (P8.6.1) reduces to 
1 1\~* 
cee (1 į =) (P8.6.2) 
v v 


Equation (P8.6.2) is plotted for v = 50 in Fig. 8.2 showing number distribution (nx) of the degree of 
polymerization. The weight fraction distribution wy may be obtained by multiplication of Eq. (P8.6.2) by 
x/DP (= x/v). This yields 


This distribution is also shown graphically in Fig. 8.2. 


Polydispersity Index Using the relation DP, = Vœ +1 [cf. Eg. (8.33)], the number average 
molecular weight will be given by 


Mn = (Yo + 1)M, (8.52) 
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Figure 8.2 Number fraction and weight fraction distribution of the degree of polymerization with v = 50 


for anionic “living” polymers and for free-radical polymerization (with termination by disproportionation) 
(Data of Problem 8.6.) 


where M, is the molecular weight of the monomer unit. On the other hand, the weight fraction 
distribution can be derived easily by multiplication of the mole fraction distribution [Eq. (8.50)] 
by x/DP,,. With DP, = Væ + 1, this becomes 
x ey, | 
Wy = es l 
(Yoo + 1) (x = 1)! 
Vo xe > ve 2 


— —— 8.53 
(Yo + 1) (x - 1)! ( ) 
Substituting this for wą and xM, for Mx in My = > wy Mx gives 
eo & xy 2 
Mw =< 54 
mS) 4 Ge 1! oe) 


Considering first the summation part in this equation, one obtains by rearrangement and simplifi- 
cation (using standard mathematical relations) 


x a- 1)? œœ yx-2 
2 G-I! ay 
co v5? oœ v? 0° a 
z DEE 5 Taa +È 


@-D! 
1 
= (Vo +3 + I/v)e™ 


(8.55) 


Ionic Chain Polymerization 447 


Table 8.2 Effect of Solvent on Anionic Polymerization of Styrene by 3x107? M 


Sodium Naphthalenide 
Solvent Dielectric constant kp (L mol! 3) 
(© at 25°C 
Benzene 2.2 2 
Dioxane 2.2 5 
Tetrahydrofuran (THF) 7.6 550 
1,2-Dimethoxyethane (DME) 5.5 3,800 


Source: Szwarc and Smid, 1964, Odian, 1991. 


Substituting Eq. (8.55) for the summation in (8.54) gives 
My = MOŽ + 3v% + 1)/V% + 1) (8.56) 


Dividing Eq. (8.56) by Eq. (8.52) then yields 


My/Myn = 1+ 8.57 
wi n (Yoo + 1)2 ( ) 
which can be approximated by 
a 1 
My/M, = 1+ — (8.58) 
Vo 


The ratio M,,/M,, approaches unity asymptotically as Yæ increases. Narrow molecular weight dis- 
tributions should thus be obtained in living ionic polymerizations with fast initiation in the absence 
of depropagation, termination, and chain transfer reactions. Values of polydispersity index (PDI) 
below 1.1-1.2 are indeed found for many living polymerizations. Molecular weight standards for 
polystyrene, polyisoprene, poly(œ-methylstyrene), and poly(methyl methacrylate) are thus synthe- 
sized by living anionic polymerizations. However, the termination reactions in methyl methacry- 
late polymerizations and depropagation in a-methylstyrene polymerizations tend to broaden the 
PDI in these systems. 


8.3.3.6 Effects of Reaction Media 


The value of kp can be determined in a simple manner from Eqs. (8.27) and (8.28) by measuring 
the extent of reaction or the rate of polymerization. This is enabled by the use of initiators that 
dissociate quantitatively prior to propagation reactions and by the absence of termination reactions. 
The rate constants obtained in this way are, however, found to be affected very significantly by the 
nature of both the solvent and the counterion. The data in Table 8.2 show that while polymerization 
is much faster in more polar solvents, the dielectric constant is not a quantitative measure of the 
solvating power (as shown by epme < €rHF). The higher rate of polymerization in DME may be 
attributed to a specific solvation effect of two ether groups being in the same molecule (Odian, 
1991). 

The increase in the overall rate constant kp with increasing solvent power of the reaction 
medium can be traced to the corresponding increase in concentration of free ions relative to that 
of ion pairs. Attention will therefore be directed to the determination of individual propagation 
rate constants for the free ions and ion pairs and to the relative amounts of these two types of 
propagating species. 
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Let us consider for illustration a simple situation that corresponds to an equilibrium between 
free ions and ion pairs (neglecting other kinds of ion pairs that may exist), propagating at different 
rates. The reactions involved in the polymerization of monomer M by an initiator CA (C*A’) [cf. 
Eq. (8.22)] can thus be represented (Rudin, 1982) as: 


+ 4A - 
AMC == AM + C 


FIM k |M 
H | 


AM,,cCt Æ AM, + CT 


Ion pairs Free ions 


where k5 and k, are rate constants for ion-pair and free-ion propagation, respectively, and K is the 

equilibrium constant for dissociation of ion pairs into solvated free ions. K is given by 
[ZyAMSIIC*] _ _[Z AM; "TR 
[2 AM; C*] [2 AM; C*] 


since [C*] must equal [}„ AM7] for electrical neutrality, when there is no source of either ion 
other than CTA”. 
Equation (8.59) gives 


1/2 
È amz] = K"? È AM, c (8.60) 


If there is little dissociation of polymeric ion pairs, [} y AM} C*] can be set equal to the total 
concentration of living ends of polymer chain, and Eq. (8.60) then becomes 


[Z am: = K'?™m-]!? (8.61) 


If the polymer molecular weight is high, the consumption of monomer in initiation reactions will 
be negligible and the overall rate of reaction can be expressed as 
_ _4[M] 
P dt 


= ap ac" iM + ap amz] [M] (8.62) 
x x 
Using the approximation of Eq. (8.61) this can be written as 
Rp = -d[Ml/dt = kF » AM, J [M] + kK"? [M7]'?[M] (8.63) 
x 
The concentration of polymeric ion pairs is given by 


È AM, c = [M7] - } AM}; = [M] - K'? [M] (8.64) 


x 
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Combining Eqs. (8.63) and (8.64) and rearranging (note that [M7] = [CA],), one obtains 


R (ky — Re) K'? 
EES og es rg (8.65) 
[M] [CA]. [M-]!/ 
In view of Eq. (8.27) for living polymerization, Eq. (8.65) can also be written as 
ky = KY 


where kp is the overall or apparent rate constant for propagation. Note that kp is dependent on the 
living chain ends or initiator concentration. 

A plot of the left side of Eq. (8.65) against 1/[CA]}2 (since [M7] = [CA],) gives a straight line 
having intercept k5 and slope (k, — k5)K 1/2. Since K can be known by measuring the conductivity 
of solutions of low molecular weight living polymers, k, can be estimated from the slope. Such 
measurements show (Szwarc, 1974) that k; values are of the order of 104 — 10° L/mol-s compared 
to k5 values ~ 10? L/mol-s (see Problem 8.8) which are of the same order as free-radical kp values. 
The concentration of free ions that can also be determined by this method (see Problem 8.10) is 
found to be only about 107° that of the corresponding ion pairs. However, because of the much 
larger values of k, compared to k5 as described above, a significant part of polymerization occurs 
through free ions. 


Problem 8.7 A solution of styrene (1.5 M) in tetrahydrofuran is polymerized at 25°C by sodium naphtha- 
lene at a concentration of 3.2x1075 M. Calculate the initial polymerization rate and the average degree of 
polymerization at the completion of the reaction. What fractions of the polymerization rate are due to free 
ions and ion pairs, respectively ? How will these values change if the sodium naphthalene concentration is 
increased to 3.2x1072 M? [Data: Kg = 1.5x1077 mol/L; kp = 6.5x10* L/mol-s; k5 = 80 L/mol-s.] 


Answer: 

(a) For 3.2x1075 M sodium naphthalene 

(Ka [M7 C*])'” [cf. Eq.(8.60)] 

[.5x1077 mol L7!)(3.2x10 mol L7!)]!/2 = 2.19x 10-° mol L7! 
From Eq. (8.62), 


[IM ] 


Rp = k, [M7][M] + k3 [M7 C*][M] 
= (6.5x10* L mol`! s7!)(2.19x10~ mol L7!) (1.5 mol L7!) 
+ (80 Lmol7! s7!) (3.2 x107% mol L7!) (1.5 mol L7!) 
= 0.214 mol L~! s7! + 0.00384 mol L7! s7! = 0.218 mol L7! s7! 


Fraction of polymerization: due to free ions = 0.214/0.218 = 0.98 and due to ion pairs = 0.00384/0.218 
= 0.02. 


At complete conversion of monomer [cf. Eq. (8.34)], DP, = 2[M]/[M~ Ct] = 2x(1.5 mol L7!)/G.2 x 
1075 mol L7!) = 9.4x 10+. 
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(b) For 3.2x1072 M sodium naphthalene, 


[M7] = [(1.5x10 mol L“)3.2x10~ mol D7]! = 6.931075 mol L! 


Rp (6.5x10* Lmol™! s7!) (6.93 x 1075 mol L7!)(1.5 mol L7!) 
+ (80 L mol! s7!) (3.2 x107? mol L7!)(1.5 mol L7!) 
6.76 mol L7! s~! + 3.84 mol L7! s~! = 10.60 mol L`! s7! 


Fractions of polymerizations due to free ions and ion pairs are thus 6.76/10.60 = 0.64 and 3.84/10.60 = 
0.36, respectively. 


DP, = 2(1.5 mol L7!) /(3.2 x107? mol L7!) = 93.8 


Problem 8.8 The kinetics of sodium naphthalene initiated anionic polymerization of styrene was studied 
in a less polar solvent dioxane at 35°C. Using an apparatus which permitted quick mixing of the reaction 
components in the absence of air and moisture, aliquot samples were withdrawn periodically and deactivated 
quickly with ethyl bromide. From the residual monomer and the average degree of polymerization of the 
polymer formed the following data were obtained for four different monomer(M)-—initiator(CA) composi- 
tions. (Reaction times were corrected for the time spent in mixing and deactivation step.) 


[M], = 0.31 M 


[Mh = 0.47 M [Mh = 1.17 M 
[CA], = 4.0x10~+ M [CA] = 11.0x10 M 
Time Conv. DP Time Conv. DP 
(s) (%) (s) (%) (s) (%) 


101 33 514 


80 45 1000 


221 58 900 177 74 1564 


; ; ; i pF 
Determine the propagation rate constant of ion pair, k}. 
Answer: 


Integrating Eq. (8.27) for constant [M7] (i.e., total concentration of active end groups is constant throughout 
the course of polymerization) gives In([M])/[M]) = kp[M™]t, where kp is the apparent or overall rate 
constant. Defining conversion as p = ([M]o — [M])/[Ml]o, this equation is rearranged to: 


kp = In[1/( — p)]/(IM~]}). (P8.8.1) 


For fast initiation by quantitative reaction with the initiator CA, [M7] = [CA] . To check if this condition is 
satisfied, [M7] may be calculated from the equation [M7] = 2({M]) — [M])/DP = 2p[M],/DP, the factor 
of 2 being used because the living polymer chains have two active ends. Calculation of [M7] from the given 
data shows that the said condition is satisfied fairly well. Therefore, [M7] in Eq. (P8.8.1) may be replaced by 
[CA]o. 


Equation (P8.8.1) is used to calculate the overall rate constant kp corresponding to each value of [CA]. 
These values are plotted against 1/ [CA] 2 in Fig. 8.3. The intercept of the linear plot according to Eq. (8.66) 
gives k5 = 2.8 L mol`! s7!. Since the value of k5 is of the same order of magnitude as the overall rate 
constant kp, it may be concluded that the polymerization in the given solvent mostly involves ion pairs and 


the contribution of free ions is small. 
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Figure 8.3 The overall rate constant kp as a function of [CA] plotted according to Eq. (8.66). (Data of 
Problem 8.8.) 


8.3.3.7 Effect of Excess Counterion 


Let us now consider how the presence of excess counterion due to the addition of a strongly 
dissociating salt (e.g., sodium tetraphenyl borate, NaBPh4, to supply excess Na*) can affect the 
kinetics of a living anionic polymerization. The retarding effect of a dissociating salt forms the 
basis of a method by which the dissociation constant of a polymeric ion pair may be determined. 

If the polymeric ion pairs are slightly dissociated, [2 AM, c+] can be set approximately 
equal to the total concentration of living ends [M7] and Eq. (8.59) can be written as 


[£ AM; ] [C*] 
[M7] 


K = (8.67) 


If the added salt is strongly dissociated and a relatively large amount of salt has been added, [C+] 
representing the concentration of free C* ions in solution can be approximated by the concentration 
of C* produced by the dissociation of the added salt, i.e., 

[C7] = [C*]sat (8.68) 


Combining Eqs. (8.67) and (8.68), the concentration of free ions can be given by 


[za 


and the concentration of ion pairs by 


= = (8.69) 


b AM: c = [M7] - b amz = [M7] - Cia (8.70) 


x 
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Combination of Eqs. (8.69) and (8.70) with Eq. (8.62) then yields 


R, _ (i - KK 
——— = k, = k? + ——_ 8.71 
MIM] © P = t [OF oe) 


Equations (8.66) and (8.71) allow one to obtain k$, kp» and K from the experimental values 
of overall or apparent rate constant kp determined in the absence and presence of added common 
ion. While a plot of kp versus 1/ [M~]!/? in the absence of added common ion yields a straight line 
whose slope and intercept are (k; -k5)K 1/2 and k5» respectively, a plot of kp versus 1/ [Ct ]sait in 
the presence of added common ion yields a straight line [cf. Eq. (8.71)] whose slope and intercept 
are (k; - ki )K and k*, respectively, thus affording the values of kp» k5, and K, individually (see 
Problems 8.9 and 8.10). It should be noted that the observed ion pair propagation constant k* is, 
in fact, an apparent rate constant as it is a composite of rate constants for the contact ion pair and 
the solvent-separated ion pair (see Problem 8.11). 


Problem 8.9 Polymerization of styrene with sodium naphthalene initiator was performed at 25°C in tetrahy- 
drofuran (THF) using a static technique (Bhattacharya et al., 1965) that is suitable for monitoring fast reac- 
tions. The conversion was determined by monitoring the residual styrene monomer during polymerization 
and the concentration of living ends [M7] was determined at the end of the experiment, using spectropho- 
tometry in both cases. In independent experimental series, the overall rate constant kp was obtained [cf. Eq. 
(P8.8.1)] both at different concentrations of initiator (and hence [M7 ]) without addition of electrolyte and at 
different concentrations of sodium ions from externally added sodium tetraphenyl borate (NaBPhy) salt and 
constant concentration of initiator. The data are given below: 


(a) Without electrolyte | (b) With electrolyte 
[M7 ]x10 kp [M7 ]x10 [NaBPh4]x10 kp 
mol/L L/mol-s mol/L mol/L L/mol-s 

1.97 5420 7.1 132.0 114 
6.22 3620 16.9 55.5 127 
11.0 2450 15.1 58.6 137 
16.5 2050 18.5 29.5 163 
100 900 11.5 22.0 184 
490 538 16.7 13.5 210 
1000 396 31.0 7.0 280 


Source: Bhattacharya et al., 1965. 


Determine the propagation rate constants k5 and k, and the overall dissociation constant K for polystyryl 
sodium in THF at 25°C. (The dissociation constant of NaBPhy in THF at 25°C is 8.52x107> mol/L.) 


Answer: 


(a) A plot of the observed kp vs. 1/[M7]!/2 is shown in Fig. 8.4(a). The slope of the line, according to Eq. 
(8.66), gives (k; — kK3)K!? = 25.2 L'? mol~!/ s~! and its intercept leads to k ~ 150 L mol"! s7! 


(b) Let x = [Nat]/[NaBPh4], where [NaBPhy] is the total concentration (c) of the salt initially added. De- 
noting the dissociation constant of NaBPhy salt by Ks and noting that [Na+] ~ [BPhj] if the polymeric ion 
pairs are slightly dissociated, as compared to salt, one can write Ks = o - x). Solving the quadratic 
gives: x.c = [Nat] = [K + 4Ks o! — Ks]. This equation is used to calculate [Na*] corresponding 
to a given [NaBPhy] . A plot of the observed kp vs. 1/[Na*] is shown in Fig. 8.4(b). The intercept of the 
line, according to Eq. (8.71), gives k5 = 80 L mol™! s7! and its slope (kp -k5)K = 9.8x107? s™!. Since 
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(kp -k7)K = 25.2 L!? mol` !/2 s7! from (a), by combining these data one obtains kp = 6.5x10* L mol! 
s7! and K = 1.52x1077 mol L7!. 


[The method based on the effect of the salt on the observed kp gives a much more reliable value of k5 than 
that obtained from the intercept of the much steeper line in (a).] 


Problem 8.10 Calculate the concentrations of polymeric free ions and ion pairs both in the absence of 
electrolyte and in the presence of electrolyte NaBPh4, considering two polymerization systems of Problem 
8.9 that have nearly equal concentrations of living chain ends. What percentage of the free Na* ions comes 
from the initiator when the electrolyte is present ? 


Answer: 


(a) Without electrolyte: The concentrations of polymeric free ions, [> AM; |, and that of polymeric ion pairs, 
[> AM, ci; can be calculated from Eqs. (8.61) and (8.64). For [M7] = 1 1.0x10~> mol L~!, 


[>,AM;] = K? [MT]? = (1.52x1077 mol L“')!? (11.0x 1075 mol L7H)! = 0.41107 mol L™. 
[Z AM; Nat] = [M7] - K!2 [M7]! = (11.0x 107 mol L7!) - 0.41 10~ mol L7! = 10.6x 1075 mol L“!. 


(b) With electrolyte: Consider the system with [M7] = 11.5x10~> mol/L and [NaBPh4]o = c = 22.0x1075 
mol/L; then [Na*]sat = 4 [(K} +4Kgc)!? — Ks] = 1.01 x1074 mol L~!. 


From Eq. (8.69), 


1.52x 1077 mol L~!)(11.5x 1075 mol L7! 
[z,AMz] = e 1 = 17x107 mol L“! 
(1.01 x 10-4mol L7!) 


From Eq. (8.70), 


[E AM; Na*] = (11.5x 10 mol L7!) - (1.71077 mol L!) = 11.5 x107% mol L7! 


(c) Fraction of free Na* ions coming from the initiator = (1.7 x 10-7 mol L7!)/[(1.01 x 1074 mol L7!) + 
(1.7x 1077 mol L7!)] = 1.68 x 1073 (= 0.17%) 


Problem 8.11 Consider propagation by polystyryl sodium ion pairs in a 1 M styrene solution in tetrahy- 
drofuran at 20°C. For an ion pair concentration of 2.0x 107° M, calculate the relative contributions of contact 
and solvent-separated ion pairs to the propagation process. [Data: At 20°C, rate constant for contact ion 
pair, ke = 24 L/mol-s; rate constant for solvent-separated ion pair, ks = 5.5x 10* L/ mol-s; equilibrium constant 
for interconversion between contact ion pair and solvent separated ion pair, Kes = 2.571073 .] 


Answer: 


Let Kes be the equilibrium constant for interconversion between solvent-separated and contact ion pairs, i.e., 


Kes p 
AM; C* = AM;//C* (P8.11.1) 


Let æ be the fraction of solvent-separated ion-pairs, i.e., 


[AM,//C*] _ Ko 
[AM;, Ct] + [AMZ //Ct] — 14 Kes 


a= œ Kes (since Kes « 1) (P8.11.2) 
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(a) Without NaBPh, (b) With NaBPh, 
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Figure 8.4 The overall rate constant kp for polystyryl sodium in THF at 25°C as a function of [M7] and 
[Na*] plotted according to Eqs. (8.66) and (8.71). (Data of Problem 8.9.) 


Therefore, [AM;//C*] = Kes([AMz C+] + [AM;//C*]) 

= (2.57x1077)(2.0x 1073 mol L7) = 5.14x 107° mol L7!. 
The rate of propagation is given by Rp = ke [AM} C*][M] + ks[AMz//Ct][M] = (24L mol! s~!)(2.0x 
10-3 mol L7!)(1.0 mol L7!) + (5.5 104 L mol! s~!)(5.14 x 107 mol L7!)(1.0 mol L7!) = 0.048 + 
0.283 or 0.331 mol L7! s7!, 


Fractions of propagation carried by solvent-separated and contact ion pairs are thus given by 0.283/0.331 = 
0.85 and 0.048/0.331 = 0.15, respectively. 


The observed ion pair propagation constant k5 is a composite of the rate constants kc and ks according to 
ki = aks +(1-a)ke = (2.57x 10-3)(5.5 x 104 L mol! s7!) + (1 — 2.57 x 10°3)(24 Lmol™! s7!) = 
165.3 Lmol! s7!. 


8.3.4 Polymerization with Incomplete Dissociation of Initiator 


If the initiator used in anionic polymerization dissociates completely from the inactive form, CA, 
to the active form, C*A~ (or C* + AT), before any propagation reactions take place, the kinetics, 
as we have seen earlier, assumes a very simple form. Some initiators (e.g., lithium alkyls and 
aryls), however, dissociate only partially and so also the anionic growing chains. In such a case, 
dissociation equilibria must be considered both for initiation steps, which may now be written as 
(Allcock and Lampe, 1990): 


CA = CtAT e Ct+A7 (8.72) 
CtA7+M — AM~Ct = AMC (8.73) 
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and for the propagation steps, now to be written as 


AM” C*+M —> AMM Ct = AMC (8.74) 


AM;-1M~Ct + M —> AM,M Ct = AMn4iC (8.75) 


It may be noted that only propagation by ion pairs has been considered in the above scheme. 
In a more complete scheme, propagation by free ions [cf. Eq. (8.58)] should also be considered. 
Moreover, the equilibria included in the above scheme may also involve solvation by the solvent, 
though it has not been shown explicitly. A further complication may also arise, if the initiation 
depends on the nature of the monomer. In view of these complexities of anionic polymerization, 
general equations cannot be given for the rate of polymerization, kinetic chain length, or average 
degree of polymerization (except in simple cases considered above involving complete dissociation 
of the initiator), and each system should be treated as a “kinetically unique problem” requiring 
individual solutions (Allcock and Lampe, 1990). 


8.3.5 Polymerization with Simultaneous Propagation and Termination 


Let us now consider an anionic polymerization where propagation and termination reactions occur 
simultaneously and polymerization follows in a manner similar to free-radical polymerizations. 
An example is the potassium amide initiated polymerization in liquid ammonia. This is one of 
the few anionic systems in which all active centers behave kinetically as free ions. The initiation 
step in this case consists of dissociation of potassium amide followed by addition of amide ion to 
monomer (Ghosh, 1990; Odian, 1991): 


KNH? = K* + HN: (8.76) 
i k, A 
HN: + CH=CHR ——> HEU (8.77) 
R 
The dissociation constant K is given by 
K*][NH5 
K = ne! (8.78) 


Since the second step [Eq. (8.77)] is slow relative to the first [Eq. (8.76)], the rate of initiation is 
given by 


Ri = k;[NH)][M] (8.79) 
In general terms, the propagation reactions can be represented by 
H2N-M; + M b, H2N-M,M7 (8.80) 
with the rate of propagation expressed as 


Rp = kp[M7][M] (8.81) 
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where [M7] represents the total concentration of the propagating anionic centers. 


Extensive chain transfer to solvent occurs by the reaction 


ktr NH3 


H2N-M;, + NH3 — HN-M,-H + NH; (8.82) 


with a rate given by 
Rinn, = kinn; [M_] [NH3] (8.83) 


Assuming a steady state whereby R; = Rr, 


kilNH; ] [M] = kryn, [M_] [NH3] (8.84) 
= ki [NH7 ] [M] 
M] = 2 8.85 
a ktr nn, [NH3] a 
Substituting in Eq. (8.81) we obtain, 
; - 2 
ge ANDME (8.86) 


kır nu, [NH3] 


When KNH; is used as the initiator and no external K* is added, the concentrations of K* and 
NH, are equal. Therefore, from Eq. (8.78), K = [NH3]? /[KNH]}3], and Eq. (8.86) can thus be 
rewritten as 

kikp K"? [MP [KNH2] "7 


R, = 
ý knn, [NH3] 


(8.87) 


Problem 8.12 Justify the steady-state assumption of Eq. (8.84) considering the fact that the chain transfer 
reaction [Eq. (8.82)] is truly not a termination reaction since the amide ion is regenerated. 
Answer: 


The second step of initiation [Eq. (8.77)], being slower than the first [Eq. (8.76)], is rate-determining for 
initiation (unlike in the case of free-radical chain polymerization) and so though the amide ion produced 
upon chain transfer to ammonia can initiate polymerization, it can be only at a rate controlled by the rate 
constant, k;. Therefore, this chain transfer reaction may be considered as a true kinetic-chain termination step 
and the application of steady-state condition gives Eq. (8.84). 


The average kinetic chain length (7) or degree of polymerization (DP) is expressed as 


ee kp [M] [M] = [M] (8.88) 
kirna; [M7] [NH3] Cnn; [NH3] 


where Cyu, is the chain transfer constant for NH3. Following the procedure described in Section 
6.11, the effects of temperature on R, and DP can be represented by the equations 


din(Rp)/dT = (E; + Ep — Er) /RT? (8.89) 
d\n(DP,)/dT = (Ep — Er) /RT? (8.90) 
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Since E; + Ep — Ey ~ +38 kJ mol! and Ey -Ey =~ -17 kJ mol7!, reducing the reaction tem- 
perature decreases R, but increases DP,,. However, due to the small magnitude of (Ep — Er) and 
high concentration of ammonia, chain transfer to ammonia remains highly competitive with prop- 
agation and only low molecular weight polymer can be obtained even at low temperatures. 

Taking into account also the termination by transfer to adventitious water, besides transfer to 
NHs3, the number-average degree of polymerization is given by 


1l _ CNH; [NH3] 4 CHo [H20] (8 91) 
DP, [M] [M] l 


where Cp,o is the chain transfer constant for water. 


8.4 Anionic Copolymerization 


For the copolymerization of two monomers by an anionic mechanism, the copolymer composition 
equation (7.11) or (7.17), derived in Chapter 7, is applicable with the monomer reactivity ratios 
defined in the same way as before, namely, rı = k11/ki2 and r2 = ko2/k21, where kı; and kz2 are 
the rate constants for the homopropagation reactions : 


k 

www Mi + Mı = wwwM (8.92) 
k 

wwwM3 + M2 a wwwM3 (8.93) 


and kı2 and k2; are rate constants for cross-propagation reactions : 


k 

www Mi + M2 = wwwM> (8.94) 
k 

wwwM > + Mı = wwwMy (8.95) 


The reactivity ratios rı and r2 can be determined from the composition of the copolymer product. 
However, a difficulty arises from the fact that the propagation rate constants, k;;, are composite 
rate constants (Allcock and Lampe, 1990) having contributions from both ion pairs and free ions. 
Consequently, the reactivity ratios also will be composite quantities composed of free-ion and ion- 
pair contributions, which are strongly dependent on the reaction conditions. The reactivity ratios 
can, therefore, be applied only to systems identical to those for which they were determined. This 
greatly limits the utility of such ratios. 

Because of the complicating effects of counterion and solvent associated with anionic poly- 
merization, relatively few reactivity ratios have been determined for anionic systems. Typical 
reactivity ratios for the anionic copolymerization of styrene and a few other monomers are shown 
in Table 8.3. Most of the values were determined from the copolymer composition equation [Eq. 
(7.11) or (7.18)]. A dramatic effect of solvent is seen with styrene-butadiene copolymerization, 
where a change from the nonpolar hexane to the highly solvating THF reverses the order of reactiv- 
ity. Again in the case of hydrocarbon solvent, the reaction temperature shows a minimal influence 
on reactivity ratios, while in the case of polar solvents, such as THF, the reactivity ratios vary con- 
siderably, which has been rationalized by considering the solvation of carbon-lithium bond. Thus 
as the temperature is increased (from —78°C to 25°C), the extent of solvation by THF is expected 
to decrease, resulting in more covalent carbon-lithium bond. 
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Table 8.3 Some Typical Values of Monomer Reactivity Ratios for Anionic Copolymerization 


Monomer 1 Monomer 2 Initiator Solvent Temp. ri T2 
CO 
Styrene Acrylonitrile“ C6H5MgBr C6Hi2 —45 0.05 15.0 
Acrylonitrile? RLi None = 0.20 12.5 
Methyl metha- CeHsMgBr Ether -30 0.05 14.0 
crylate® CeHsMgBr Ether +20 0.30 2.0 
Vinyl acetate? Na Liq. NH3 - 0.01 0.01 
Butadiene? s-BuLi Hexane 0 0.03 13.3 
s-BuLi Hexane 50 0.04 11.8 
s-BuLi THF 25 4.0 0.3 
s-BuLi THF -78 11.0 0.4 
Isoprene? n-BuLi C6Hi2 40 0.046 16.6 
Butadiene? Isoprene n-BuLi Hexane 50 3.38 0.47 
Methyl metha- Acrylonitrile NaNH2 Lig. NH3 = 0.25 7.9 
crylate? RLi None - 0.34 6.7 
Vinyl acetate NaNH> Liq. NH3 - 3.2 0.4 


Source: “Dawans and Smets, 1963; Morton, 1983; Allcock and Lampe, 1990. 


8.4.1 Reactivity Groups 


An active chain with a carbionic end group will add a second monomer if the reacting carbanion 
is more basic than the new carbanion that will result from the second monomer. The initiation 
capacity of a carbanion can thus be correlated approximately with the e-values of the Q — e scheme 
(Section 7.2.6) as shown in Table 8.4, which lists a number of monomers classified according to 
their relative reactivities (Fetters, 1969). The carbanion of a monomer in a given reactivity group 
can generally add any monomer in a group with a higher number, but the reverse is not true. Thus 
the monomers in group 5 generate the weakest (less basic) anions and cannot initiate monomers 
in any of the preceding groups. A monomer, however, will generally react with the carbanion 
generated from any other monomer within the group, though there are exceptions to this rule. For 
example, the initiation of styrene polymerization by a-methylstyrene carbanion or that of isoprene 
by styryl carbanion is faster than the reverse initiation. 


Problem 8.13 | What types of polymers will be obtained from anionic copolymerization of the following 
monomer pairs : (a) styrene/butadiene, and (b) styrene/methyl methacrylate ? 


Answer: 


(a) Copolymerizations analogous to free radical reactions occur between monomers which are within the 
same reactivity group in Table 8.4, where each carbanion can initiate either monomer. Since both styrene 
and butadiene belong to the same reactivity group, they will undergo copolymerization, the copolymer com- 
position depending on the reactivity ratios. From Table 8.3, rı = 4.0, r2 = 0.3 for s-butyllithium initiated 
polymerization in THF at 25°C. Therefore ideal copolymerization behavior will be observed and a statisti- 
cal copolymer containing a larger proportion of styrene in random placement will be obtained. The simple 
copolymer equation [Eq. (7.11)] can be applied to calculate the copolymer composition. 


(b) The styrene-MMA pair contains monomers drawn from different relative reactivity groups in Table 8.4. 
Polystyryl carbanion will initiate the polymerization of MMA, but the carbanion of the latter monomer is not 
sufficiently nucleophilic (basic) to cross-initiate the polymerization of styrene. 


This is reflected in the r1, r2 values (see Table 8.3). For example, the styrene/MMA pair has rı = 0.05, 
r2 = 14.0 when initiated by CsHsMgBr in ether at —30°C. Thus the polymerization of the mixture in this 
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Table 8.4 Initiation of Anionic Polymerization by 


Living Polymer Ends 
Reactivity group Monomer types e values 

1 a-Methylstyrene -1.2 
Conjugated dienes -1.0 
Styrene -0.8 
4-Vinyl pyridine —0.2 

2 Acrylate and metha- 

crylate esters 0.4 

3 1,2-Epoxies - 
Formaldehyde - 

4 Methacrylonitrile 0.8 
Acrylonitrile 1.2 

5 Nitroalkenes = 
Vinylidene cyanide 2.6 


Source: Fetters, 1969. 


case will cause homopolymerization of MMA followed by that of styrene. However, excess MMA will add 
to living polystyrene producing a block copolymer of the two monomers. 


8.4.2 Block Copolymers 


While the simplest vinyl-type block copolymer is a two-segment molecule represented by 


(AAAAA? se terres A}(BBBBBB: +++... B) AB block copolymer 


(AAAA: A}(BBBB: +.. BHAAAA' |. A) ABA block copolymer 
(AAAA: Tonk A}(BBBB: +... BHÆCCCC:- C) ABC block copolymer 
(AA: : : -ABB : - BHAA: : - -AHBB: : : B} etc. Multiblock copolymer 
(soacre sequence" Syndioiacnie sequence es a 


Block copolymers differ in properties from those of a blend of the correponding homopolymers 
or a random copolymer (Chapter 7) with the same overall composition. Let us consider the ABA- 
type styrene/butadiene/styrene triblock copolymer, which is known to behave as a thermoplastic 
elastomer. While ordinary elastomers, which are crosslinked by covalent bonds, e.g., vulcaniza- 
tion (see Chapter 2) to impart elastic recovery property, are thermosets and so cannot be softened 
and reshaped by molding, solid thermoplastic styrene/butadiene/styrene tri-block elastomers can 
be resoftened and remolded. This can be explained as follows. At room temperature, the triblock 
elastomer has the make-up, as shown in Fig. 8.5, consisting of glassy, rigid, polystyrene domains 
(T; = 100°C) linked together by rubbery polybutadiene segments. The polystyrene domains thus 
serve as effective crosslinks and stabilize the structure against moderate stresses. They can be 
softened sufficiently at T > 100°C to carry out molding but the rigid polystyrene domains will 
form again on subsequent cooling. 
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Polybutadiene 
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Figure 8.5 Schematic representation of the polystyrene domain structure in styrene-butadiene-styrene tri- 
block copolymers. 


8.4.2.1 Sequential Monomer Addition 


The living polymer technique is particularly suitable for preparing block copolymers by sequential 
addition of monomers to a living anionic polymerization system. Depending on whether mono- 
functional or difunctional initiators are used, one or both chain ends remain active after monomer 
A has completely reacted. Monomer B is then added, and its polymerization is initiated by the 
living polymeric carbanion of polymer A. This method of sequential monomer addition can be 
used to produce block copolymers of several different types, as classified above. 


Monofunctional Initiators Using monofunctional initiators (e.g., n-butyllith-ium), AB, ABA, 
and multiblock copolymers can be formed. For example, the synthesis of an AB block copolymer 
can be shown schematically as 


i 20 
A aa RwwAAA7™ Lit 2 RwwAAAwwBBB7 Li* 2 
RwwAAAwwBBBH + LiOH (8.96) 


The monomers are to be added in proper order. For example, to prepare an AB type block copoly- 
mer of styrene and methyl methacrylate, styrene is polymerized first using a monofunctional ini- 
tiator and when styrene is fully consumed, the other monomer MMA is added. The copolymer 
cannot be made by polymerizing MMA first because living poly(methy! methacrylate) is not basic 
enough to add to styrene. The length of each block in the copolymer is determined by the amount 
of corresponding monomer added to the reaction mixture. To produce ABA type copolymer by 
monofunctional initiation, B can be added after A is fully reacted, and A added again when B 
is fully reacted. Multiblock copolymers can also be made in this way. However, this procedure 
is possible only if the anion of each monomer sequence can initiate polymerization of the other 
monomer. 


Bifunctional Initiators Bifunctional initiators like alkali metal complexes of polycyclic aromatic 
compounds (e.g., naphthalene and biphenyl) can be used to produce ABA triblock copolymers. In 
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these cases, polymerization is started with monomer B to produce a polymeric dianion [see Eq. 
(8.14)] that initiates the polymerization of monomer A added later. The process is illustrated below 
for the commercially important styrene-butadiene-styrene (SBS) triblock copolymer: 


B 25 + B: Nat > Na*>:BB:~ Nat -È Na*-:BBB----BBB:~ Nat 
Š, Nat-:SSSSBBB- - - - BBBSSSS:~ Na* (8.97) 


Thermoplastic elastomers of this type usually have molecular weights in the range 50,000 to 
70,000 for the polybutadiene blocks and 10,000 to 15,000 for the polystyrene blocks. 


8.4.2.2 Coupling Reactions 


A living AB-type block copolymer made by monofunctional initiation can be terminated with a 
bifunctional coupling agent like a dihaloalkane to make a triblock copolymer. For example, an 
ABA triblock copolymer can be made as follows: 


(AAA: + - XABBB: + J-B: Lit + Br4CH?}Br > 
(AAA: - * XéBBB: «+ Jyt 4CH2)}4BBB: * -Jtt AAA: + 3r + 2LiBr (8.98) 


Other coupling agents such as phosgene or dichloromethylsilane are equally effective. If the pres- 
ence of a linking group, like the CH2) in the above reaction, is undesirable, a coupling agent 
like In can be used. 


Problem 8.14 Ina living polymerization experiment, 8.0 cm? of 0.20 mol/L solution of n-butyllithium 
in toluene was added to a solution of 18.0 g styrene in 500 cm? toluene. After complete conversion of 
the styrene, 60 g isoprene was added. When the isoprene had completely reacted, the polymerization was 
terminated by addition of 8.0 cm? of a 0.10 mol/L solution of dichloromethane in toluene. 


Write down the reactions taking place in each stage of the above experiment and calculate the molecular 
weight of the final polymer. 


Answer: 

The given quantities are : 

BuLi = (0.20 mol L~!) (8.0 cm?) (1073 L cm~?) = 1.601073 mol 
Styrene = (18.0 g)/(104 g mol!) = 0.173 mol 


Isoprene = (60 g)/ (68 g mol7!) = 0.882 mol 
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Dichloromethane = (0.10 mol L~!) (8.0 cm?) (1073 L cm73) = 0.80x1073 mol 
The reactions taking place are as follows (Young and Lovell, 1990) : 

Bu Lit + 2 CHj=CHb —> Bu-~CCHyCH9 crip CH Li” 
() + ™CH5=CMe-CH=CH, —> © 

Bu-{ Cis CH6)-{ CH, —CMe=CH-CH;}—CH, CMe=CH-CHLi* 


(Il) 
a + cicw,c. —2HiCl_, 


BuLCH,—CHd }-{cH,—CMe=CH—CH,-}—CH, 


CH)~CH=CMe—CH,-}—{  CH—CH,}—Bu 
n 


The product is an ABA-type triblock thermoplastic elastomer. Styrene is polymerized first since styryl initi- 
ation of isoprene is faster than the reverse reaction. The reaction is carried out in a nonpolar solvent with Li* 
as the counterion to enable a block of cis-1,4-polyisoprene to be formed in the second growth stage. The liv- 
ing polystyrene-b-polyisoprene AB di-block copolymer thus formed is then coupled by a double nucleophilic 
displacement of Cl” ions from dichloromethane to give a polystyrene-b-polyisoprene-b-polystyrene triblock 
copolymer. (Note that the mole ratio of living diblock chain to dichloromethane is 2:1.) 


Polystyrene end-blocks : 


Mass of styrene polymerized 


M 
(Mn)ps Moles of living polymer molecules 


(18.0 g)/(1.60x 10-3 mol) = 11,250 g mol”! 


Polyisoprene center block: 


The molecular weight of the polyisoprene block in the final triblock copolymer is twice that of the polyiso- 
prene block in the diblock living copolymer before coupling. Hence, 


(Mn)pr 


( mass of isoprene polymerized ) 
moles of living polymer molecules 


2(60.0 g)/(1.60x1073 mol) = 75,000 g mol”! 


Molecular weight of the final polymer = 75,000 + 2x11,250 = 97,500. 


Use of polyfunctional linking agents, instead of bifunctional ones, for termination of liv- 
ing polymers can lead to the formation of multibranch polymers. For example, using methyl- 
trichlorosilane and silicon tetrachloride, tribranch and tetrabranch polymers, respectively, can be 
produced : 


“Mg oa (8.99) 
oti, 


Star-block copolymers have a major advantage in that they exhibit much lower melt viscosities, 
even at very high molecular weights, than their linear counterparts. 


dow + SiCly 
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8.5 Cationic Polymerization 


As we saw in Section 8.2, the active center in cationic polymerization is a cation and the monomer 
must therefore behave as a nucleophile (electron donor) in the propagation reaction. Suitability of 
monomers for cationic polymerization was also discussed in that section and compared in Table 
8.1. In short, olefinic monomers with an electron-releasing or electron-donating substituent on the 
a-carbon can undergo cationic polymerization, while the possibility of resonance stabilization of 
the carbocationic species increases the reactivity of the monomer (see Problem 8.15). 


Problem 8.15 Compare the cationic polymerizability of (a) ethylene, propylene, and isobutylene; (b) 
styrene, a-methylstyrene, p-methoxystyrene, and p-chlorostyrene. 


Answer: 


(a) The electron-releasing alkyl groups cause isobutylene to polymerize readily at low temperatures (yielding 
high polymer), whereas propylene reacts only with difficulty, yielding low-molecular weight polymers, and 
ethylene is nearly unreactive. Also from a consideration of carbocation stability (i.e., tertiary most stable, 
followed by secondary and primary) the polymerizability is in the order 


H3C HC H 
HCO > pS=th > eo: 


(b) Conjugation when present helps to disperse the positive charge of the carbocation center thus increasing 
the reactivity of the monomer. The effect becomes stronger when conjugation and electron-donating groups 
cooperate. On the other hand, substitution of an electron-withdrawing halogen for an ortho or a para hydro- 
gen decreases the monomer reactivity. Thus the reactivity sequence of the styrene derivatives is as follows: 


i CH, HBC, ZH, HL oooh Ho <CH 


Q>O>O> 


OCH; 


By similar reasoning, electron-releasing substituents, such as RO—, RS-, and aryl at ortho or para position, 
increase the monomer reactivity for cationic polymerization. 


8.5.1 Cationic Initiation 


Two main classes of compounds are known to initiate cationic polymerization of olefins and 
olefinic derivatives. These are the strong protonic acids and Lewis acids. 
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8.5.1.1 Protonic Acids 


The cationic initiation reaction involving a monomer and a protonic acid HA can be written as : 


R R 
ie | ae (8.100) 
HA + CHI=¢ —> CHj—Ct A 

R' R 


For polymerization to occur, the anion A’, however, should not be a strong nucleophile, as other- 
wise it will react with the carbocation to form the nonpropagating covalent compound 


R 
Te 
R' 
This explains why hydrogen halides with highly nucleophilic halide ions fail to initiate cationic 
polymerization. 


8.5.1.2 Lewis Acids 


Lewis acids are halides and alkyl halides of Group III metals and of transition metals which have 
incomplete d electron shells. These constitute the most useful group of initiators and include metal 
halides (e.g., BF3, AICI3, SnCl4, PCls, SbCls, TiCl4) and organometallic derivatives (e.g., RAICH, 
R2AICI, R3Al). 

Most or perhaps all of the Lewis acids are seldom effective alone as initiators or catalysts; they 
are used in conjunction with a second compound, called a ‘co-catalyst’, which very often is water 
or some other proton donor (protogen) such as hydrogen halide, alcohol, and carboxylic acid, 
or a carbocation donor (cationogen) such as t-butyl chloride and triphenylmethy] chloride. On 
reaction with the Lewis acid, they form a catalyst-cocatalyst complex that initiates polymerization. 
For example, isobutylene is not polymerized by boron trifluoride if both are dry, but immediate 
polymerization takes place on adding a small amount of water. The initiation process is therefore 
represented by 


BF; + H20 = H*(BF;0H)~ (8.101) 
H* (BF30H)~ + (CH3)2C =CH: — (CH3)3C*(BF30H)~ (8.102) 


Initiation by aluminum chloride with t-butyl chloride cocatalyst is similarly described by 


AlCl; + (CH3)3CCl = (CH3)3C* (AIC) (8.103) 
(CH3)3C* (AICl4)~ + @CH = CH? — (CH3)3CCH2 C H¢(AICl4)~ (8.104) 
The initiation steps described above can be generalized as 
K 
L +IB = BCI) (8.105) 
Bt(LI)> +M 1, BM* (LI)~ (8.106) 


where L is a Lewis acid catalyst, IB is an ionizable compound acting as the cocatalyst, and M 
is a monomer. Initiation by the catalyst-cocatalyst system has the advantage over initiation by a 
Brönsted acid (H* A7) that the anion (LI J~ is far less nucleophilic (Odian, 1991) than A7 [cf. Eq. 
(8.100)]. 
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8.5.2 Propagation of Cationic Chain 


The propagation of a cationic chain occurs by successive addition of monomer molecules to the 
initiator ion pair produced in the initiation step [Eq. (8.106)]. In general terms, the propagation 
can be represented by 


k 
HM,M* (LD7 + M > HM, M+ (LD7 (8.107) 


which shows that the reaction involves insertion of monomer between the carbocation and its 
negative counterion. Thus in the polymerization of isobutylene, the cationic chain propagation 
step is (Odian, 1991): 


$ 
H-+4CH2C(CH3)24n—CH2C(CH3)2 (BF30H)” + (CH3)2C=CH2 — 
+ 
H-4+CH2C(CH3 )24n+t-CH2C(CH3)2 (BF30H)~ (8.108) 


In some cases, the propagation reaction is accompanied by intramolecular rearrangements due 
to hydride ion (H:~) or methide ion (CH3:7) shifts. Such polymerizations are referred to as iso- 
merization polymerizations. Consider, for example, the polymerization of 3-methy]-1,2-butene in 
which the carbocation (XV), formed initially, isomerizes by a 1,2-hydride shift. The resulting ion 
(XVD, being a tertiary carbocation, is more stable than (XV) which is a secondary carbocation. 


H 
| ob 
senna CH CF www CH, —CH,—C(CH3), 
CH(CH3), 
(XV) XVD 


Propagation thus occurs mostly by (XVI), apart from some normal propagation by (XV) at higher 
temperatures. The polymer will therefore contain mostly the rearranged repeating unit (XVII) 
and a smaller number of the first formed repeat unit (XVIII. This expectation is supported by the 
observation that the product contains about 70 and 100% of (XVII) at polymerization temperatures 
of —130 and —100°C, respectively (Kennedy et al., 1964; Odian, 1991). 


ww CH, —CH,—C(CH3).~ www CH, — CHwww 
HC(CH3), 
(XVID) (XVII 


The cationic polymerization of propylene, 1-butene, and higher 1-alkenes yields only very low 
molecular weight polymers (DP < 10 — 20) with highly complicated structures that arise due to 
various combinations of 1,2-hydride and 1,2-methide shifts, proton transfer, and elimination, be- 
sides chain transfer during polymerization. In the polymerization of ethylene, initiation involving 
protonation and ethylation is quickly followed by energetically favorable isomerization : 


+ CH=CH, 
H* + CH2 =CH} — CH; CH2 => 
+ H: shift pa 
CH3CH2-CH2-CH2 —> CH3CH2—-CH-CH3 — etc. (8.109) 


These transformations are facilitated by the favorable enthalpy differences between primary to 
secondary (—92 kJ/mol) and secondary to tertiary (+ —138 kJ/mol) carbocations. 
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Problem 8.16 Write equations to show the different structural units that may result from intramolecular 
hydride and methide shifts involving only the end unit in the cationic polymerization of 4-methyl-1-pentene. 
Which of the resulting repeating units would be the most abundant ? 


Answer: 


Five different end units (XIX-XXIII) may arise from 1,2-hydride and methide shifts. The first-formed 
carbocation (XIX) undergoes hydride shifts to form carbocations (XX), (XXT), and (XXII); (XXT) rearranges 
to (XXIII) by a methide shift (Kennedy and Johnston, 1975; Odian, 1991) : 


H | H 
|, H: shift ly 
Cm =H + ann CH, -C —> nC 
| | 
CH,CH(CH3), CH,CH(CH;), CH,CH,CH(CH;), 
(XIX) (XX) 
H: shift 
CH; H CH, H 
|, H: shift |, : CH; shift | bp 
AC +— An CH,CH, -C ———> ~~CH,CH,CH-C 
| | 
CH, CH(CH;), CH; 
(XXII) XXD XXI) 


As the tertiary carbocation (XXII) is the most stable, the repeating units derived from it will be expected to 
be most abundant (found 42-51% (Odian, 1991)). 


8.5.3 Chain Transfer and Termination 


While termination of chain growth in cationic polymerization may take place in various ways, 
many of the termination reactions are, in fact, chain transfer reactions in which the termination of 
growth of a propagating chain is accompanied by the generation of a new propagating species. 


8.5.3.1 Chain Transfer to Monomer 
In general terms, chain transfer to monomer can be written 


ker, 
BM,M+ (LI) + M 25 Mya; + BM* (LI) (8.110) 


Chain transfer to vinyl monomer involves transfer of a 6-proton from the carbocation to a monomer 
molecule. Considering, for example, the polymerization of isobutylene, the chain transfer to 
monomer can be represented by the equation 


H+CH2C(CH3)2}-CH? C(CHs)2 (BF3OH)7 + CH =C(CH3)2 > 
(CH3)3C* (BF30H)~ + H+4CH2C(CH3)2]r-CH2C(CH3)=CH3 
+ H+CH2C(CH3)24r-CH=C(CH3)2 (8.111) 
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which shows the formation of two different unsaturated groups, since there are two different types 
of 6-protons. 


AS a new propagating species is generated each time a growing chain is terminated by transfer 
to monomer, many polymer molecules can result for each molecule of catalyst-cocatalyst complex 
initially formed. 


The ratio k;,m/kp defines the monomer chain transfer constant Cy and, as in the case of free- 
radical polymerization (Section 6.8.1), its value determines the polymer molecular weight, in the 
absence of other chain termination processes. 


Another type of chain transfer to monomer involves hydride ion transfer from monomer to the 
propagating center (Kennedy and Squires, 1965, 1967; Odian, 1991): 


+ 
H-+4CH2C(CH3)24n—CH2 C(CH3)2 (BF30H)” + CH2=C(CH3)2 — 
CH=C(CH3)CH2 (BF30H)” + H+4CH2C(CH3)24Jz—-CH2CH(CH3)2 (8.112) 


Note that this transfer reaction results in saturated end groups, unlike proton transfer reaction 
[Eq. (8.111)] which gives rise to an unsaturated end group. The allyl carbocation formed by the 
hydride transfer [Eq. (8.112)] is less stable than the tertiary carbocation formed by proton transfer 
[Eq. (8.111)]. For isobutylene, hydride transfer is thus less likely than proton transfer. 


8.5.3.2 Spontaneous Termination 


Spontaneous termination, also referred to as Chain transfer to counterion, is the unimolecular 
rearrangement of the ion-pair which results in termination of the growing chain and simultaneous 
regeneration of the catalyst-cocatalyst complex. 


This can be represented in general terms by 
kts 
BM,M+* (LI) —> Masi + B* LIY (8.113) 
The kinetic chain is thus not terminated and the polymer molecule formed bears a terminal un- 
saturation. For example, for the system isobutylene/BF3/H20, the reaction is represented (Odian, 


1991; Billmeyer, Jr., 1994) by: 


+ 
H--CH2C(CH3 )2 4r—CH2 C(CH3 )2 (BF30H)” — 
H* (BF30H)~ + H-+CH2C(CH3)24z—-CH2C(CH3)=CH2 (8.114) 


8.5.3.3 Combination with Counterion 


This process, unlike the above mentioned processes, terminates the kinetic chain. In general terms, 
the reaction can be represented by 


BM,M+ (LI)- “5 BM,MLI (8.115) 


This type of termination occurs, for example, in the trifluoroacetic acid initiated polymerization of 
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styrene (Throssell et al., 1956; Odian, 1991; Billmeyer, Jr., 1994): 


O H 6) 


Lt, l II 
wwCH,—Ct TOCCF; wwCH,—C—O-CCF3 T 
(8.116) 


The propagating ion may also combine with an anionic fragment from the counterion (Kennedy 
and Feinberg, 1978; Odian, 1991) as in BX3.OH» (X = halogen) initiated polymerization or ter- 
minate by alkylation or hydridation (Kennedy, 1976; Reibel et al., 1979; Odian, 1991) when alu- 
minium alkyl-alkyl halide initiating sytems are used. 


Problem 8.17 Write equations to describe plausible termination reactions in cationic polymerization of 
isobutylene initiated by (a) BF3.OH2, (b) BCl3.OH2, (c) Al(CH3)3/t-butyl chloride, and (d) Al(C2Hs5)3/t- 
butyl chloride. 


Answer: 


(a) For BF3.H20 initiated polymerization, chain transfer to monomer is the major mode of chain termination 
with a minor contribution by combination with OH (Odian, 1991), 


‘ 
H--CH2C(CH3)24rCH2 C(CH3)2 (BF30H)” — 
H-E-CH>C(CH3)24r-CH2C(CH3)20H + BF3 (P8.17.1) 


(b) Termination in the BC13.H20 initiated polymerization of isobutylene (and styrene) occurs almost exclu- 
sively by combination with chloride (Kennedy and Feinberg, 1978; Odian, 1991), 


% 
H- HCH2C(CH3)2- J7-CH2 C(CH3)2 (BCI30H)” — 
H-+-CH>C(CH3)),-CH,C(CH;)Cl + BClOH (P8.17.2) 


The differences between the reactions (P8.17.1) and (P8.17.2) can be viewed in terms of the order of bond 
strengths: B-F > B—O > B-Cl. Thus, OH” is transferred in preference to F~ and C1” is transferred in 
preference to OH. 


(c) Besides chain transfer to monomer, termination may also occur by alkylation (Kennedy, 1976; Odian, 
1991), that is, transfer of an alkyl anion to the propagating center: 


Fe 
wwwCH» C(CH3)2 [((CH3)3AICI]~ — 

wwwCH2-C(CH3) + (CH3)2AICl (P8.17.3) 

(d) As the alkyl aluminum in this case contains 6-hydrogens, termination by hydridation, that is, transfer of 


a hydride ion from the alkyl anion to the propagating center, occurs in preference to alkylation (Kennedy, 
1976; Reibel et al., 1979; Odian, 1991): 


& 
vwwwCH» C(CH3)2 [((CH3CH?2)3AICI]> — 
vwwwCH»CH(CH3)2 + CH2 =CH2 + (CH3CHp2)2AlCl (P8.17.4) 
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8.5.3.4 Transfer to Solvents/Reagents 


The termination of growth of individual chains can occur by chain transfer to solvent or impurity 
present in the system, or to a transfer agent (denoted here by TA or S) deliberately added to the 
system. In general terms, the reaction can be represented by 


kirs 


BM,M+* (LI)- + S(TA) “S BM,MA + T*(LI)- (8.117) 


involving the transfer of a negative fragment A~. The term krs, as in Chapter 6, is used to denote 
the rate constant for chain transfer to solvent or any other transfer agent. Common examples of 
such transfer agents are water, alcohols, and acids. Termination by these compounds involves the 
transfer of HO, RO, or RCOO anion to the chain carbocation (Mathieson, 1963; Odian, 1991), 


e.g., 
wwCH2C(CH;) (BF;30H)- + H0 — 
wwwCH» -C(CH3),0H + H+ (BF3;0H)~ (8.118) 


Water, alcohols, acids, and amines are thus used to quench a cationic polymerization. These are 
added in excess to terminate the polymerization when desired, usually after complete or maximum 
conversion of the monomer has been attained. 


Problem 8.18 Explain how the following substances act as inhibitors or retarders in cationic polymeriza- 
tion: water, tertiary amines, trialkyl phosphines, and p-benzoquinone. 


Answer: 


In very small concentrations, water acts as a co-catalyst, initiating polymerization in combination with a 
catalyst (e.g., SnCl4). However, in larger concentrations, it inactivates the catalyst (such as by hydrolysis 
of SnCl4) or competes successfully with monomer for the catalyst-cocatalyst complex and inactivates the 
proton by forming hydronium ion [see Eqs. (P8.18.2) and (P8.18.4)] because the basicity of the carbon- 
carbon double bond is far less than that of water : 


H20 
SnCl4 + H20 = SnCl4.OH3 = (H30)* (SnCl4OH)~ (P8.18.1) 
Termination can also occur by proton transfer to water, e.g., 


wwwCH,C(CH3)> (SnCl,OH)~ + H20 — wwwCH=C(CH3)> + H30*+ (SnC140H)- (P8.18.2) 


or by OH” transfer to carbocation, e.g., 


wwwCHC(CH3)) (BF;0H)- + H20 —> 
wwwCH>C(CH3),0H + H* (BF;OH)~ (P8.18.3) 


H+ (BF;0H)- + H20 — (H30)* (BF30H)~ (P8.18.4) 


In the presence of excess water, reaction (P8.18.4) takes place in preference to addition to monomer. So the 
polymerization rate decreases in the presence of excess water. Alcohols and acids also function similarly as 
inhibitors or retarders. 


Tertiary amines and trialkyl phosphines react with propagating chains to form stable cations that are 
unable to continue propagation (Biswas and Kamannarayana, 1976; Odian, 1991): 


is 
BM,M* (LI) + :NR3 — BM,MNR;(LI)~ (P8.18.5) 


This causes inhibition or retardation. 
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p-Benzoquinone acts as an inhibitor by receiving proton from the carbocation and/or catalyst-cocatalyst 
complex (Odian, 1991): 


2 wm CH CHP CCLCOJ + o= _ =o — 


2 wwCH=CHb + HOH )=OH' + 2CCI,COy 


8.5.3.5 Chain Transfer to Polymer 


In polymerizations of 1-alkenes such as propylene, intermolecular hydride transfer to polymer can 
occur giving rise to short chain branches. Such transfer is explained by the fact that propagat- 
ing carbocations being reactive secondary carbocations can abstract tertiary hydrogens from the 
polymer (Plesch, 1953; Odian, 1991). For example, reaction (8.119) produces a relatively stable 
tertiary carbocation from a more reactive propagating secondary carbocation. 


H H 
| = | 
we CH —C (BF30H) + eee —> 
CH, CH; CH, ww 
2 
| _ 
www CH,—CH,—CH, + www CH —C (BF 30H) (8.119) 
CH; 


The reaction contributes to the formation of low-molecular weight products from 1-alkenes. 


M M 
RCl+ AIEt,Cl <> R*(AIBLClL,) <> RM*(AIFLCL) —» Polymer 


> REt + AIEtCl, 
l 


| 
y 7 M M 
RCI + AIEtClL <45 R*(AIEtCl,) <> RMŻ(AlEt CL) —> Polymer 


> REt + AICI, 
l 


v M 
= — M 
RCI + AlCl, 4&5 R*(AICL) “> RM*(AICI,) —-» Polymer 


R = Alkyl or Aryl groups 
Et = CH,;CH, - 
M = Monomer (styrene) 


Figure 8.6 Equilibria in initiation by aluminum halides and alkyl halides. (Kennedy, 1979; Rudin, 1982.) 
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8.5.4 Kinetics 


Unlike free-radical and homogeneous anionic polymerizations, cationic polymerizations cannot 
be described by conventional kinetic schemes involving reactions like initiation, propagation, and 
so on. This is due to the complexity of the cationic initiation and the variable extents of ion-pair 
formation at the propagating chain end [cf. Eq. (8.1)]. The possibility of the reaction being 
heterogeneous due to the limited solubility of the initiator in the reaction medium further adds to 
the complexity of the kinetics. 


8.5.4.1 Ions and Ion Pairs 


While carbocations must always be accompanied by counterions to maintain electrical neutrality, 
the distance between the carbocation and counterion largely determines their reactivity. In the 
majority of cationic polymerization systems reported in the literature, the propagating species 
are probably associated ion pairs, though an accurate definition of the system ionicity in terms 
of various species in the solution is almost impossible. Figure 8.6, for example, illustrates the 
complicated equilibria (Kennedy, 1979) that may exist in initiation by aluminum alkyl halides or 
aluminum halide Lewis acid which are widely used as initiators (catalysts) in combination with 
alkyl halides as cocatalysts. Thus each carbocation can add a monomer to initiate polymerization 
or remove an alkyl (ethyl) group from the counterion producing a saturated hydrocarbon, REt, 
and a more acidic Lewis acid. The propagating cation can also terminate by the same process to 
produce ethyl-capped polymers and new Lewis acids. Thus, even if only diethylaluminum chloride 
is used as the initiator, there may be major contributions to the polymerization from ethylaluminum 
dichloride or aluminum chloride (Rudin, 1982). 

Both the initiation and propagation processes are, moreover, influenced by the degree of asso- 
ciation between the active center and its counterion giving rise to a spectrum of ionicities [see Eq. 
(8.1)]. As a minimum, it is necessary to consider the presence of solvent-separated ion pairs, and 
free solvated ions. Such a simplified scheme (Ledwith and Sherrington, 1976) is shown in Fig. 
8.7. Contact (associated) ion pairs are not included in this scheme, which is justifiable because the 
concentrations of such species are negligible compared to those of solvated ion pairs in solvents 
of relatively high dielectric constants (9-15), commonly used in cationic polymerizations. 

The observed k, according to the above simplified scheme is composed of contributions from 
the ion pairs and free solvated ions (with respective rate constants k5 and k3), while calcula- 
tions show an order of magnitude ratio of ion-pair and free-ion concentrations (see Problem 8.21). 
The k} values are generally at least 100 times as great as the corresponding ke figures for olefin 
monomers and, in general, both k} and ki decrease with increasing solvent polarity since more 
polar solvents tend to stabilize the initial state of monomer plus ion or ion pair. [In media of low 
polarity, like bulk monomer, the ky values for cationic olefin polymerizations are of the order of 


Solvent + 
kj - 2 
nay B (LI) +M = BM'// (LI) > ~ M (LI) > Polymer 


oo Ed 


+ + 
B (LI) + M2» BM (LI) + mnM (LD f> Polymer 


Si+ 


free ions 


Figure 8.7 A simplified reaction scheme for initiation and propagation in cationic polymerization. (Ledwith 
and Sherrington, 1976; Rudin, 1982.) 
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10°-10° L/mol-s, as compared to k, values of the order of 10°-10° L/mol-s for anionic polymeriza- 
tions under more or less equivalent conditions. Carbocations are thus significantly more reactive 
than carbanions under similar conditions. ] 


8.5.4.2 Simplified Kinetic Scheme 


It is clear from the above discussions that deriving a general kinetic scheme for cationic polymer- 
izations is rather unrealistic. Nevertheless, we shall postulate here a conventional polymerization 
reaction scheme based upon the chemistry given in the earlier sections and show where the implied 
assumptions are not realistic enough. Using an ideal reaction scheme, we may depict a cationic 
polymerization by the following set of elementary reactions: 


Pre-initiation K 
equilibrium: L+IB = B+ (LIJ (8.120) 
ki 
Initiation: B*t(LI)> +M —> BM+ (LIY (8.121) 
k 

Propagation: BM,M+* (LI) + M > BM,„+ıM+* (LI) (8.122) 

Termination: BM,M* (LI) ae BM, +;LI (8.123) 
kir, 

Transfer: BM,M+* (LI) +M is Mn+1 + BM* (LI) (8.124) 

Spontaneous $ 

termination: BM,„M+* (LI) —> My; + B*(LI)~ (8.125) 

Transfer to solvents krs 

or reagents: BM,„,M+* (LI) + S(TA) —> BM,MA + Tt (LIY (8.126) 


where L, IB, M, S, and TA are as defined previously. The scheme is greatly oversimplified since 
we have ignored the presence of free solvated ions and ion pairs of various degrees of close- 
ness occurring in equilibria. So all the rate constants appearing in the above scheme are actually 
composite quantities which will vary with the nature of the medium and the ion pair. In a more 
nonpolar medium, the values of the rate constants can also vary with the total concentration of 
reactive species because of the tendency of organic ion pairs to form aggregates having differ- 
ent reactivities than individual ion pairs. Ignoring these complexities in the present discussion, 
we can write the following expressions (Rudin, 1982) for the rates of initiation (R;), propagation 
(Rp), termination by combination with counterion (R;), transfer to monomer (R;r,m), spontaneous 
termination (R;s), and transfer to reagents or solvents (Rs): 


Ri = ki(K[L] IB) [M] (8.127) 
Rp = kp [M] MY] (8.128) 
R, = k [Mt] (8.129) 
Rm = krm [M*][M] (8.130) 
Ris = ks [M*] (8.131) 
Rins = kirs [M*][S] (8.132) 


where [M+] represents X}? [BM,-1M* (LI)T], that is, it is the total concentration of propagating 
chains of all sizes irrespective of their state of association with counterions. 
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To proceed further, we may now assume a steady state in the concentration of the active species 
(d[M*]/dt = 0). An assumption that this occurs due to R; = R; leads to 


[Mt] = = ae (8.133) 


. 2 
and Ry = a (8.134) 


which show a first order dependence of R, on R; or initiator concentration, in contrast to radical 
polymerizations which show a one-half-order dependence of Rp on R;. The difference arises from 
their basically different modes of termination. Thus, whereas termination is second order in the 
propagating species in radical polymerization, it is only first order in cationic polymerization. 


Problem 8.19 Derive expressions for cationic polymerization rate for the following three cases: (a) an 
added chain transfer agent terminates the kinetic chain [Eq. (8.117)]; (b) the rate-determining step in the 
initiation process is the forward reaction in Eq. (8.105); and (c) the catalyst L or cocatalyst IB is present in 
large excess. 


How would the order dependence of the polymerization rate change if either monomer or any of the 
components of the initiating system is involved in solvating the propagating species ? 


Answer: 


(a) Reaction (8.117) becomes the termination reaction when T* (LI)~ is unable to initiate new chains (as in 
the case of a more active agent present in considerable amounts). In that case, at steady state, 


Ri = R+ Rirs 
which yields 


Kk; [L] [B] [M] 


Mt] = 
P kt + kins [S] 


From Eq. (8.128), 


_ Kkikp [L] DB] [M]? 
P O ke + kas [S] 


(b) Considering the forward equation in Eq. (8.105), R; = k,[L][IB]. Applying steady-state approxima- 
tion: R; = R, leadsto[M*] = kı[L][IB]/k;. Hence Rp = kiıkp[L]HB][M]/k;. Thus, Rp has one 
order dependence on [M] instead of 2 order as in Eq. (8.134). 


(c) If Lis present in large excess, R; = k[IB][M], where k is a composite constant. At steady state, R; = R; 
and [M*] = k[IB][M]/k. So, Rp = kkp [IB] [M]? /kr. Thus, Rp is zero order in L. Similarly, if IB is 
in excess, Rp will be zero order in IB. 


If monomer is involved in solvating the propagating species, the R, will show higher than 2 order in 
monomer. If L or IB is involved in solvating the propagating species, the propagation rate is then dependent 
on the concentration of L or IB, while initiation is first order in both L and IB [cf. Eq. (8.127)], thus resulting 
in higher than first order dependence for R, on L or IB. 
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The expressions given above can be employed only if the steady-state conditions exist, at least 
over some part of the overall reaction. Steady-state is implied if Rẹ, is constant with conversion. 
However, many, if not most, cationic polymerizations proceed so rapidly that the steady-state is 
not achieved and even in slower polymerizations, the steady-state may not be achieved if R; > Ry. 

The Rp data from nonsteady-state conditions can be used to obtain the value of kp from Eq. 
(8.128) when [M*] is known. In polymerizations initiated by catalyst-cocatalyst systems, [M*] is 
taken to be the cocatalyst concentration [IB] when the initiator (catalyst) is in excess or the initiator 
concentration [L] when the cocatalyst is in excess. Such an assumption holds only if R; > Rp and 
the initiator (or the catalyst-cocatalyst system) is highly active (100% efficiency). 

The literature contains many instances where the value of the apparent or overall rate constant 
kp is assigned to k}, neglecting the contributions of free ions. This can be erroneous since free ions 
with their high value of k; can have a significant effect on kp even when present in small concen- 
trations. It is also incorrect to write kinetic expressions in terms of only one type of propagating 
species (usually shown as ion pair) since both ion pairs and free ions are simultaneously present in 
most systems. The correct expressions for the rate of any step in polymerization should therefore 
include separate terms for the contributions of both types of propagating species. 


Problem 8.20 The term kņ in Eq. (8.128) is only an apparent or overall propagation rate constant. Show 
how it could be related to the propagation rate constants k5 and ki of the free ions and ion pairs. Suggest 
methods of obtaining individual k} and k} values. 


Answer: 


Taking into account the contributions of free ions and ion pairs the propagation rate may be written as 
Rp = ky [M*]free [M] + k5 [M* LD7] [M] (P8.20.1) 


where [M+ ]fee and [Mt (LI)~] are the concentrations of free ions and ion pairs, respectively. 


From Eq. (8.128), 


Rp = kp[M*][M] (P8.20.2) 


where [M+] is the total concentration of cationic ends (comprising free ions and ion pairs). 


From Egs. (P8.20.1) and (P8.20.2), 


ks (Mt Itee + k$ [M* LD7] 


kp [Mt]fee + [M* (LD7] 


(P8.20.3) 


Individual ky and k5 values can be obtained by experimental determination of individual concentrations of 
free ions and ion pairs by a combination of conductivity and short-stop experiments. While conductivity 
directly yields the concentration of free ions (that is, only free ions conduct), short-stop experiments yield the 
total concentration of ion-pairs and free ions. For mostly aromatic monomers the total concentration of ion 
pairs and free ions may also be obtained by UV-visible spectroscopy, assuming that ion pairs show the same 
UV-visible absorption as free ions since the ion pairs in cationic systems are loose ion pairs (due to large size 
of the negative counterions). 
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The overall rate constant kp is related to k; and ky (see Problem 8.21) by 
kp = ak, +( — ak; (8.135) 


or kp = ke + k} Kj? [M] (8.136) 


where a is the degree of dissociation, K4 the dissociation constant of the propagating ion pair, and 
[M+] is the total concentration of propagating cationic ends (both free ions and ion pairs). One can 
thus safely equate k, with ie only for systems where [M*]/Kz = 10° — 104 or larger (see Problem 
8.21). 


Problem 8.21 Consider styrene polymerization by triflic (trifluoroethanesulfonic) acid in 1 ,2-dichloroethane 
at 20°C where Kz is 4.2x1077 mol/L (Kunitake and Takanabe, 1979). For experiments performed (us- 
ing stopped-flow rapid scan spectroscopy) at a styrene concentration of 0.397 M and acid concentration of 
4.7x1073 M at 20°C, the maximum concentration of cationic ends (both free ions and ion pairs) was found to 
be 1.4x107+ M, indicating that the initiator efficiency is 0.030. At 20°C, k5 / k5 is reported to be 12 (Kunitake 
and Takanabe, 1979). 


(a) What is the ratio of free ion and ion pair concentrations ? (b) What would be the relative contributions 
of free ions and ion pairs to the overall propagation rate ? (c) How much would be the error in assigning the 
overall rate constant kp as ki ? 


Answer: 


(a) For ion-pair dissociation equilibrium, 


wwM* (LD7 a wwwM* + (LD (P8.21.1) 
[M* ree [LD7] a? [M+] 

Ki = = P8.21.2 

i [Mai (I —a) Aa 


where a is the degree of dissociation of ion-pair and [M+] is the total concentration of cationic ends, i.e., 
(IM* free + [M* I pair): 


Thus, 
+ + 
rors E Tae mar hee EPA 
Solving Eq. (P8.21.2) for a, 
a = (Kg/2(M*})[(. + 4{M*]/K,)'? - 1] (P8.21.4) 
Substituting for a in Eq. (P8.21.3) from Eq. (P8.21.4) yields 
[M* Tree _ (1 + 4(M*]/Ka)'? - 1 BSS) 


[M* ]pair 1 + (2(M*]/Ka) — (1 + 4[M*]/Ka)!? 
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This equation shows that the fraction of free ions decreases rapidly at higher values of [M*]/ K4 (dimension- 
less). Thus free ions constitute approximately 99, 90, 62, 27, 9, 2, 1, and 0.3% of the propagating species at 
[M*]/Kq values of 0.01, 0.1, 1, 10, 102, 10°, 104, and 10°, respectively. 


For the given experimental condition, 
[M+] = 0.030(4.7x10-3 mol L!) = 1.41x107-* mol L7! 
[M*]/Kq = (1.41x10~* mol L7!)/(4.2x10-7 mol L!) = 336 


From Eq. (P8.21.5), [M* ]free / [M+ Ipair = 0.056; that is, free ions constitute 5.6% of the propagating 
species. 


(b) To obtain a relation between kp, es and kp. Eq. (P8.20.1) can be written as 

kp(M*][M] = &,a@[M*][M] + k, (1 - a)[M*][M] 
which yields 

kp = ak; +(- ak; (P8.21.6) 
If a<«<1, Eq. (P8.21.2) can be approximated to 

Kı = œ [M] (P8.21.7) 
Substitution of Eq. (P8.21.7) into Eq. (P8.21.6) gives, for Kg/[M*] < 1, 


kp = ke + k} KI M+] (P8.21.8) 


From Eq. (P8.21.7), for [M+] / K4 = 336, œ is approximately 0.054, while Eq. (P8.21.4) yields œ = 0.053. 
From Eq. (P8.21.6), 


kp (ke 


alki /k+) + (A-a) 
(0.053)(12) + (1 = 0.053) = 0.64 + 0.95 ~ 1.6 


Hence, the contribution of free ions to rate = 0.64/(0.64 + 0.95) =0.40 (or 40%) 
(c) From (b), kp lk; =x 1.6 


So there is a 60% error in the value of Ki obtained by equating kp with k5. 


Similarly if [M*]/ Kz is less than 0.1, the system consists of more than 90% free ions and less 
than 10% less reactive ion pairs (see Problem 8.21 ) and hence one can safely equate kp with k. 
Such conditions may occur in polymerizations initiated by stable carbocation salts such as hex- 
achloroantimonate (SbCl) salts of triphenyl methyl [(C6Hs)3C*] and cycloheptatrienyl (C7H4) 
carbocations. These systems are thus useful for determining free-ion propagation rate constants 
(Subira et al., 1988). However, since these cations are stable, they can be used only to initiate 
the polymerization of more reactive monomers like N-vinylcarbazole and alkyl vinyl ethers. The 
value of the dissociation constant, Kz, for the propagating ion pair can be obtained directly from 
conductivity measurements or, indirectly, from kinetic data. For the latter a useful method is to 
study the effect of a common ion salt (e.g., tetra-n-butyl ammonium triflate for the triflic acid initi- 
ated polymerization) on the kinetics of polymerization in a procedure analogous to that described 
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for anionic polymerization (cf. Problems 8.9 and 8.10). There are relatively few systems where 
reasonably accurate data for both k} and ks are available. However, the difference in reactivity of 
free ions and ion pairs in cationic polymerization may not generally exceed one order of magnitude 
(Sauvet and Sigwalt, 1989). 


The kinetic influence of water on cationic polymerization is complicated. In some systems, 
e.g., i-butene/TiCl, in dichloromethane (Biddulph et al., 1965), the initial rate of polymerization 
increases with concentration of water at low concentrations and becomes independent as this con- 
centration increases. In other systems, the initial rate of polymerization may rise to a maximum 
and then decline with increasing concentrations of water. Such behavior has been observed in the 
SnCl4/H20 initiated polymerization of styrene in carbon tetrachloride (Colclough and Dainton, 
1958). In view of the complex effects of moisture, as also those of free ions, ion pairs, aggregates, 
and solvation on the kinetics, the data reported by different workers should be viewed with caution. 


Problem 8.22 The problem of reproducibility of rates and the discrepancy between results obtained by 
various authors is usually attributed to variations in impurity levels, the most important being the traces 
of water. To determine the minimum concentration levels at which water can still be effective, consider a 
polymerization where [M] = 0.1 mol/L, k; = 3 L/mol-s, and the DP, of the polymer formed is 103 (these 
values are reasonably close to a styrene polymerization) and assume that a rate of 1% conversion per 24 h 
can be determined with sufficient accuracy. Determine the concentration of water in the system containing a 
Lewis acid (L) catalyst in a relatively large concentration. 


Answer: 
The rate of polymerization that can be determined in the given case with sufficient accuracy is : 
(0.1 mol L7!) (0.01) 


(24 h) (3600 s h7!) 
Rp/Ri = DP, = 10° 


= 1.16x1078 mol L7! s7! 


P 


Therefore, R; = 1.16x107!! mol L7! s7! 
The equation describing ion generation in a L/H20 system, i.e., 
H20 + L å H* + LOH™ 
is displaced to the right for a relatively large concentration of L. Therefore, 
[H20] = [H*] 


Ri = ki{[HoO][M] = (3 L mol! s7!) [H20] (0.1 mol L7!) 


1.16x107!! mol L7! s7! 
[H20] = pl eee ae = 3.8x107!! mol L7! 
(3 L mol! s~!)(0.1 mol L7!) 


Note that this water concentration is far below the detection limit of any analytical method and may be present 
in the equipment, in spite of very careful drying and baking. 
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8.5.4.3 Degree of Polymerization 


Since under practical polymerization conditions the polymer chain growth is more likely to be 
controlled by chain transfer to monomer [Eq. (8.130)] than by terminaton reactions [Eq. (8.129)], 
the average chain size is given by 


DP, = Rp/Rem = kp/kirm (8.137) 


When the stoppage of chain growth involves, in addition to chain transfer to monomer, other 
transfer and termination reactions [Eqs. (8.129), (8.131), and (8.132)] as well, the concentration 
of the propagating species remains unchanged, and the polymerization rate is still given by Eq. 
(8.134). However, the degree of polymerization is decreased by all these transfer and termination 
reactions, and is given by 

Rp 


DP, = ————_—+_ (8.138) 
F Ri + Rts + Rim + Rirs 


Substituting expressions for the rates given earlier [see Eqs. (8.128)-(8.132)], and rearranging one 


obtains 
1 B ky kts [S] 


DP, ~ kE [M] + E IM] + CM + Cs MI (8.139) 


where Cy and Cs are the chain transfer constants for monomer and chain transfer agent defined 
by kim /kp and krs /Kp, respectively. Equation (8.139) is the ‘cationic polymerization equivalent’ 
(Odian, 1991) of the Mayo equation [Eq. (6.122)] for radical polymerization. 

Since Eq. (8.139) does not depend on either steady-state reaction conditions or a knowledge 
of [M*], it is more convenient to calculate the ratios of various rate constants from DP, data than 
from R, data. However, the use of DP, data, like the use of Rp data, does require (if the Mayo 
equation is used) that one employs data at low conversions so that the monomer concentration 
does not change appreciably. 


Problem 8.23 In a low temperature polymerization of isobutylene using TiCl, as catalyst and H20 as co- 
catalyst the following results were obtained (Biddulph et al., 1965) at -35°C showing the effect of monomer 
concentration on the average degree of polymerization : 


[C4Hg] (mol/L) 0.667 0.333 0.278 0.145 0.059 
DP, 6940 4130 2860 2350 1030 


Using these data, evaluate the rate constant ratios ky;/kpy and k;/Kp. 


Answer: 


Since spontaneous termination (chain transfer to counterion) is never a dominant termination reaction com- 
pared to chain transfer to monomer, the second term in Eq. (8.139) can be neglected. Further, ignoring the 
presence of any chain transfer agent (S), Eq. (8.139) can be approximated to 


1 kt 
= = + CM 
DP, kp [M] 


Figure 8.8 shows a plot of 1/DP,, vs. 1/[C4Hg]. The slope gives k;/kp = 5.0x10~> mol L~!. From the 
intercept, CM = kirm/kp = 1.1x10~+. 
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Figure 8.8 Plot of 1 /DP,, vs. 1/[M]. (Data Figure 8.9 Plot of In(Kir/kp) vs. 1/T. (Data of Prob- 
of Problem 8.23.) lem 8.24.) 


Problem 8.24 In studies similar to those in Problem 8.23 but performed over a range of temperatures, the 
following values were found (Biddulph et al., 1965) for the intercepts of plots of 1/(DP,) vs. 1/[C4Hg]: 


1(°C) +18 -14 -35 -48 
10°/DP, | 437 | 0.50 | 0.098 | 0.027 


Evaluate from these data the difference in activation energy between chain propagation and chain transfer to 
monomer. 


Answer: 


Expressing the rate constants by the Arrhenius expression 


kr eeu 
kp Ap 


where Ep and E; are the activation energies for propagation and transfer, respectively; Ap and A; are the 
respective pre-exponential factors. 


Taking logarithms 


In(kir/Kp) = In(Ar/Ap) + Ep — Er 
tr/Kp) = tr/Op RT 
Figure 8.9 shows a plot of In(k;; /kp) vs. 1/T. From the slope of the linear plot, Ep — Err = (5. 1x10 °K) (1.987 
cal mol~! °K7!) = 10.1103 cal mol7!. 


8.5.5 Molecular Weight Distribution 


The theoretical molecular weight distributions for cationic chain polymerizations (see Problem 
8.25) are the same as those described in Chapter 6 for radical chain polymerizations terminating 
by disproportionation, i.e., where each propagating chain yields one dead polymer molecule. The 
polydispersity index (PDI = DP,,/DP,) has a limit of 2. In many cationic polymerization sys- 
tems, initiation is rapid, which narrows the molecular weight distribution (MDI) and, in addition, 
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if termination and transfer reactions are very slow or nonexistent, a very narrow MDI with PDI 
close to unity would result. 


Problem 8.25 Consider the cationic polymerization scheme given below: 


k; 
Initiation: M +I > Mt (1) 
kp 
Propagation: Mr; +M — M}; (2) 
Transfer: kis 
spontaneous M} — M +I (3) 
ktrM 
to monomer M} +M — M+M (4) 
ky 
Termination: Mi — M (5) 


Derive expressions for number and weight distributions of chain lengths of cationic polymers for the special 
case where the monomer concentration is kept constant (which is approximated to in experiments with very 
low initiator concentration). 


Answer: 


In the special case where the monomer concentration is kept constant, the rates of all processes are at all 
times proportional only to the concentration of active species. The relative probability, (P), of a growth step 
as expressed by 


Rate of growth step 


P= 
Sum of rates of all steps 


ky[M][M*] 
kp [MI[M*] + Kis[M*] + kirm[MI][M*] + k [M+] + kirs [S][M*] 
kp [M] 
kis + ky + (kp + kM + Kirs)[M] 


is constant for constant [M]. 


If N chains are started at a time and allowed to grow till all are stopped, then 


number stopped at length 1 unit = N(1 - P) 
2 units = NP(1 - P) 
x units = NP*!(1 — P) 


The number fraction having length x is 
ny = N/N = P*'(1 -P) [cf. Eq. (6.173)] 
giving the number average degree of polymerization : 


x-1 = 
DP, = DAN, _ DxNP*1 - P) 
EN, N 


da- P)>)xP*! = 1/1 - P) 
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Table 8.5 Representative Monomer Reactivity Ratios in Cationic Polymerization 


Monomer Monomer Initiator” Solvent? Temp. rı r2 
1 2 (°C) 
Isobutene? _1,3-Butadiene AIEtCly CH3Cl —100 43 0 
AIC]; CH3Cl -103 115 0 
Isoprene AIC], CH3Cl -103 2.5 0.4 
Cyclopentadiene BF3.OEt) CH3 -78 0.60 4.5 
Styrene SnCl4 EtCl 0 1.60 0.17 
AIC], CH3Cl —92 9.02 1.99 
a-Methylstyrene TiCly oCH3 -78 1.2 5:5 
Styrene“! a-Methylstyrene SnCl4 EtCl 0 0.05 2.90 
BF3.0Etz CHCl —20 0.2-0.5 10-14 
Isobutylene TiCl4 Toluene -78 1.20 1.78 
TiCl4 n-Hexane —20 1.20 0.54 
Styrene? Isoprene SnCl4 EtCl —30 to 0 0.8 0.1 


"Et = C2H5, ¢ = phenyl; b Kennedy and Marechal, 1982; “Tsukamoto and Vogl, 1971; 4Lipatova et al., 1955. 


By direct analogy to low-conversion free-radical polymerization (Section 6.12.1), the weight fraction having 
length x is 
wy = xP* la - P? 


giving the weight-average degree of polymerization 


14+P 
1-P 


DP, = Xow = SPP ae 
Hence the ratio of weight to number average is 
DP„/DP, = 1+P —2 


for long chain polymers where P — 1. 


The cumulative weight fraction of all species up to length x, which is the most convenient function for 
comparison with an experimental fractionation, will be 


x Æ 
Zw = (Py? Yxpe! =1-P*(+x-xP) 
1 1 


Note: Normally, as polymerization progresses and the monomer concentration falls, the value of P will also 
fall. In such cases, the distribution cannot be formulated by the simple arguments used above. It may, 
however, be seen qualitatively that the distribution will broaden at higher conversions, its maximum shifting 
to lower chain lengths. 


In polymerizations carried out to high conversions where the concentrations of propagating 
centers, monomer, and transfer agent as well as rate constants change, the polydispersity index 
increases considerably. Relatively broad molecular weight distributions are thus generally found 
in polymerizations by the cationic mechanism. 
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8.5.6 Cationic Copolymerization 


Cationic copolymerization can be treated in identical manner to anionic copolymerization with the 
mechanistic scheme for propagation obtained simply by replacing the negative signs in Eqs. (8.92) 
to (8.95) by positive signs. The copolymerization equation derived for free-radical initiation [Eqs. 
(7.11) and (7.17)] may also be applied to cationic polymerization to determine ratios, several of 
which are listed in Table 8.5. The situation is complicated, however, due to counterion effects 
(Ham, 1964; Kennedy and Marechal, 1982). Thus, unlike in free radical copolymerization, differ- 
ent initiators used in cationic polymerization can cause variations in reactivity ratios. Moreover, 
solvent polarity may have an effect as it governs the degree of chain-end ion-pair dissociation. 
Another significant difference from free-radical copolymerization is that there is no apparent ten- 
dency for alternating copolymers to form in ionic copolymerization. Instead, block copolymers or 
homopolymer blends are more likely. 

The most important of the commercial cationic copolymers is butyl rubber prepared from 
isobutene and isoprene. Because of its very low air permeability, butyl rubber finds extensive 
use in tire inner tubes and protective clothing. It is manufactured by low-temperature (—100°C) 
copolymerization of about 97% isobutene and 3% isoprene in chlorocarbon solvents with AlCl 
as initiator (see Table 8.5). More recently, an ozone-resistant copolymer of isobutylene and cy- 
clopentadiene has been marketed. 
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EXERCISES 


8.1 Predict the order of reactivity (and justify your prediction) of the given monomers. (a) Styrene, 2- 
vinylpyridine, and 4 -vinyl pyridine in anionic polymerization. (b) Styrene, p-methoxystyrene, p- 
chlorostyrene, and p-methylstyrene in cationic polymerization. 


8.2 Isobutylene undergoes cationic polymerization in the presence of strong Lewis acids like AIC]; but it is 
not polymerized by free radicals or anionic initiators. Acrylonitrile, on the other hand, is polymerized 
commercially by free radical means and can also be polymerized by anionic initiators like potassium 
amide but does not respond to cationic initiators. Account for the difference in behavior of isobutylene 
and acrylonitrile in terms of monomer structure. 


8.3 Chlorinated aliphatic solvents are useful for cationic polymerization but cannot be used in anionic 
polymerization. Conversely, tetrahydrofuran which is a useful solvent in anionic polymerization cannot 
be used in cationic polymerization. Why ? 


8.4 Polymerization of styrene by sodium naphthalene was performed at 35°C in dioxane. From the residual 
monomer and average degree of polymerization of the polymer formed in accurately measured reaction 
time the following data were obtained for two different monomer (M) - initiator (CA) compositions : 


Composition Time (s) Conversion (%) DP. 

Run A: 290 69 1063 
[M] = 0.31 M 
[CA] = 4.0x1074 M 

Run B: 329 90 2079 
[M]o = 1.17 M 


[CA], = 11.0x10-+ M 


Calculate the overall rate constant and the total concentration of chain centers corresponding to the two 
initiator concentrations. 
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8.5 


8.6 


8.7 


8.8 


8.9 
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[Ans. (a) kp = 10.1 L mol! s~!, [M7] = 4.0x107+ M; (b) kp = 7.0 L mol! s~!, [M7] = 1.0x1073 M. 
Note that the overall or apparent rate constant depends on the initiator concentration. ] 


The apparent propagation rate constant for polymerization of styrene in THF at 25°C using sodium 
naphthalene as initiator is 550 L mol! s~!. If the initial concentration of styrene is 156 g/L and 
that of sodium naphthalene is 0.03 g/L, calculate the initial rate of polymerization and, for complete 
conversion of the styrene, the number average molecular weight of the polymer formed. Comment upon 
the expected value of the polydispersity index (Mw/Mn). 

[Ans. Rp = 0.165 mol L! s™!; M, = 1.56x10° g mol~!] 


Styrene was added to a solution of sodium naphthalene in tetrahydrofuran at 25°C so that the initial 
concentrations of styrene and sodium naphthalene in the reaction mixture were 0.2 mol/L and 0.001 
mol/L, respectively. Five seconds after the addition of styrene its concentration was determined to be 
1.73x107? mol/L. Calculate (a) overall propagation rate constant; (b) initial rate of polymerization; 
(c) rate of polymerization after 10 s; and (d) number average molecular weight of the polymer after 10 
s. 
[Ans. (a) kp = 950 L mol"! s™!; (b) (Rp) = 0.190 mol L`! s7!; (c) (Rp)ios = 1422x1075 mol L7! 
s7}; (d) (Mw)ios = 20800] 


How much sodium does one need to prepare 1 kg of polystyrene of molecular weight 300,000 by 
anionic polymerization ? How much water is sufficient to completely prevent polymerization in this 
case ? 

[Ans. Sodium 0.153 g; water 0.12 g] 


One milliliter initiator solution in scrupulously clean and dry tetrahydrofuran containing 8.6x107* mol 
of sodium and 9.4x10~+ mol of naphthalene was injected into a solution of styrene (0.048 mol) in 
50 mL clean and dry tetrahydrofuran at -70°C. After a few minutes the reaction was complete. A 
few milliliters methanol was then added to quench the reaction and the reaction mixture was allowed 
to warm to room temperature. The polymer was recovered by precipitation. What is the M, of the 
polystyrene formed in the absence of side reactions ? What should the M,, of the product be if the 
polymerization were carried out so that the growth of all macromolecules was started and ended simul- 
taneously ? 

[Ans. Mn = 11,300; M, = 11,400] 


Polymerization of styrene by sodium naphthalene was performed at 20°C in 3-methyl tetrahydrofuran 
(3-Me-THF) using a flow apparatus and technique suitable for fast polymerizations. The conversion 
was determined gravimetrically after precipitation of the polymer with methanol-water or optically by 
the determination of the residual monomer and the concentration [M7] of the active centers was calcu- 
lated from the degree of polymerization at a given conversion (see Problem 8.8). In two independent 
experimental series, the overall rate constant kp was obtained [cf. Eq. (P8.8.1)] both at different concen- 
trations of initiator (and hence [M~]) without addition of electrolyte and at different concentrations of 
sodium ions (from added salt, sodium tetraphenyl borate (NaBPh,)) and constant concentration of ini- 
tiator. From the resulting data given below determine k$, kp» and K for polystyryl sodium in 3-Me-THF 
at 20°C. 


Without electrolyte With electrolyte 

[M~]x10- kp [Nat ]x10 kp 
(mol L7!) (L mol! s~!) | (mol L7!)@ (L mol™! s7!) 

5.10 1.83 2.78 93 

2.20 255 1.69 97 

0.73 381 0.75 135 

0.40 479 0.45 188 

0.26 600 0.37 215 


“Calculated from the dissociation constant of NaBPh, in 3-Me-THF determined by conductivity mea- 
surements (1.12x10~> L/mol at 20°C). 
[Ans. kē = 66 L mol"! s7!; k; = 1.10x10° L mol"! s“!; K = 6x10~? mol L7!] 
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8.10 


8.11 


8.12 


8.13 


8.14 


8.15 
8.16 


8.17 


8.18 


8.19 


8.20 


8.21 


8.22 


8.23 


8.24 


(a) Calculate the concentrations of polymeric free ions and ion pairs in the absence of electrolyte taking 
the polymerization system of Exercise 8.9 in which [M7] is 0.40x10~? mol/L and no electrolyte has 
been added. (b) What would be the concentrations of free ions and ion pairs if the polymerization 
system contained NaBPhy in concentration equal to the total concentration of living ends? (c) What 
percentage of free Na* ions comes from the initiator in (b) ? 

[Ans. (a) 1.55x10~ mol L~! and 0.40x1073 mol L7!; (b) 1.95x1078 mol L! and 0.40x107? mol 
L7!; (c) 0.016%] 


A polystyrene sample of DP„ = 60 was made by living polymerization in tetrahydrofuran solvent us- 
ing butyllithium as the initiator. Show graphically the number fraction distribution of the degree of 
polymerization for this polymer and, for comparison, similar distribution for a polystyrene of the same 
average DP produced by free radical polymerization (assuming termination solely by coupling). 


Write reactions to show the type of end group that will result from the use of each of the following 
reagents to terminate butyllithium initiated living polymers of styrene in THF: (a) Ethyl benzoate; (b) 
benzyl chloride; (c) bromoaniline; (d) phthalic anhydride; (e) phosgene; (f) carbon disulfide. 


Write reactions illustrating the synthesis of poly(methyl methacrylate)-block-polyac-rylonitrile by an- 
ionic polymerization. Show how you could synthesize an ABA block copolymer of the two monomers. 


Show by equations the synthesis of the following types of block copolymers (a) ABA and (b) CABAC 
where A, B, and C represent styrene, butadiene, and isoprene. 


Explain why acrylates (or vinyl acetate) cannot be poymerized by cationic mechanism. 


In the polymerization of oxetane initiated by BF; (0.1 M) and H20, a simple rate law is found to be 
obeyed in which the polymerization rate is first order in monomer, initiator, and the total concentration 
of added and adventitious water. Suggest a kinetic mechanism to explain this behavior. 


If trifluoroacetic acid (mixed with ethylbenzene) is added dropwise to styrene, no polymerization oc- 
curs. However, if styrene is added to the acid, high molecular weight polymer forms rapidly [J. J. 
Throssell, S. P. Sood, M. Szwarc, and V. Stannett, J. Am. Chem. Soc., 78, 1122 (1956)]. Suggest an 
explanation. 


Account for the fact that 1-butene can be used to control polymer molecular weight in cationic poly- 
merization of isobutylene. 


Account for the fact that polymerization of propylene by the cationic process yields oligomers that 
have extremely complicated structure with methyl, ethyl, n- and i-propyl, and other groups. Why only 
oligomers are formed by this polymerization ? 


Write equations to show the different structural units that may result from intramolecular hydride and 
methide shifts (involving the end monomeric unit) in cationic polymerization of 4-methyl-1-pentene. 


The cationic polymerization of 3-methyl-1-butene produced a polymer whose NMR spectra consisted 
of only two singlets. Propose a structure for the polymer consistent with the NMR and suggest a 
mechanism for this polymerization. 


Under certain conditions, the rate of polymerization of isobutylene using SnCf4/H20O initiating system 
is found to be first-order in SnCf4, first order in water, and second order in isobutylene. The polymer 
formed initially has the number average molecular weight of 20,000 and contains 3.0x10~> mol OH 
groups per gram but no chlorine. Suggest plausible reaction schemes to fit these data and derive ap- 
propriate expressions for the rate and degree of polymerization. Indicate any assumptions made in the 
derivations. 


Under what reaction conditions might a cationic polymerization with SnCl4/H2O initiating system show 
a dependence of the polymerization rate which is (a) first order in monomer, (b) zero order in SnCly or 
water, and (c) second order in SnCl4 or water ? 


Discuss the general effects of temperature, solvent, and catalyst on the monomer reactivity ratios in 
ionic copolymerization. How do these compare with the corresponding effects in radical copolymer- 
ization ? 
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What experimental approaches could be used for determining whether the polymerization of a particular 
monomer by ionizing radiation proceeds by a radical or ionic mechanism ? 

Account for the following facts observed in carbocationic polymerization : 

(a) Isobutylene polymerization proceeds rapidly in CH3C1 but not in CH3I diluent. 

(b) Olefins cannot be polymerized in diethyl ether and the polymerization of vinyl ethers by BF3.OEtz 
proceeds faster in hexane than in Et20. 

(c) Propylene can be polymerized by HBr/AIBr3 to a very broad molecular-weight-distribution product. 
(d) Whereas the initiation rate is enhanced by increasing the solvent polarity, the propagation rate may 
decrease. 

(e) Bulk polymerization of unsaturated hydrocarbons initiated by y-radiation often shows very high rate 
constants (10° to 108 L mol"! s~!). 

Give plausible explanations for the following facts: 

(a) Molecular weight does not depend on initiator concentration in ionic polymerization as it does in 
free radical polymerization. 

(b) Polymerization rate is more sensitive to solvent effects in ionic polymerization than in free-radical 
polymerization. 

(c) In cationic polymerization, DP = 7, but this is not always the case in free radical or anionic poly- 
merization. 

(d) Ethyl vinyl ether undergoes cationic polymerization faster than 6-chloroethyl vinyl ether under the 
same conditions. 

The cationic polymerization of styrene initiated by CF3;SO3H was investigated [T. Kunitake and K. 
Takanabe, Macromolecules, 12(6), 1067 (1979)] in 1,2-dichloroeth-ane at 20°C by the stopped- 
flow/rapid scan sectroscopy which was combined with the rapid quenching technique. The reaction 
was followed by monitoring absorbance at 340 nm due to styryl cation with a rapid-scan spectropho- 
tometer. The absorbance change was extrapolated to the zero absorbance in order to determine the start 
time. The residual monomer was determined in the quenched mixture by UV spectroscopy. Represen- 
tative data of the time course of the formation of styryl cation and conversion measured with styrene 
and CF3SO3H initial concentrations of 0.305 M and 5.4 mM, respectively, are given below: 


Reaction time Conversion [Mt ]x 107 [M] 

(millisecond) (%) mol/L 
5 24.9 1.87 0.229 
8 31.7 1.97 0.208 
10 33.2 1.98 0.204 
13 39.3 1.99 0.185 
15 40.5 1.98 0.181 
20 45.7 1.91 0.166 
30 54.1 1.56 0.140 
40 60.3 1.27 0.121 
50 65.5 1.02 0.105 


The initiation rate was found to be proportional to the initiator concentration and roughly first order 
with respect to the monomer concentration, although the amount of the styryl cation formed was only 
1-4% of the total acid concentration. 
Analyze the given data to obtain the rate constants of the elementary steps of the polymerization system. 
[Ans. k9 = 1.0x10° M7! s!; ki = 38M! s™!; ky = kis + k; = 0.21103 s7!] 
In studies of the low temperature polymerization of isobutylene using TiCf4 as coinitiator [R. H. Bid- 
dulph, P. H. Plesch, and P. P. Rutherford, J. Chem. Soc., 275 (1965)], the following results were obtained 
at —35°C for the effect of monomer concentration on the average degree of polymerization : 

[C4Hg] (mol/L) 0.667 0.333 0.278 0.145 0.059 

DP, 6940 4130 2860 2350 1030 


From these data, evaluate the rate constant ratios kj-/kp and kt/kp. 
[Ans. Cu = kirm/kp = 1.1x1074; ki/kp = 5.0x1075 mol L~!] 


Chapter 9 


Coordination Addition 
Polymerization 


9.1 Introduction 


The field of coordination polymerization originated in the mid-1950s with the pioneering works of 
Karl Ziegler in Germany and Giulio Natta in Italy. While Ziegler discovered in the early 1950s that 
a combination of aluminum alkyls with certain transition metal compounds such as TiCly or VCl4 
generated complexes that would polymerize ethylene at low temperatures and pressures produc- 
ing polyethylene with an essentially linear structure, now referred to as high-density polyethylene 
(HDPE), Natta’s work led to the recognition that the catalytic complexes described by Ziegler were 
capable of polymerizing 1-alkenes (commonly known as alpha olefins in the chemical industry) 
to yield stereoregular polymers. The range of this type of catalysts, referred to as Ziegler-Natta 
catalysts, was subsequently extended to produce polymers exhibiting a wide range of stereoregular 
structures including those derived from dienes and cycloalkenes. Many polymers are now man- 
ufactured on a commercial scale using Ziegler-Natta catalysts, the most prominent among them 
being stereoregular (isotactic) polypropylene of high molecular weight. (Recall that propylene 
cannot be polymerized by either free radical or ionic initiators.) Ziegler and Natta received the 
1963 Nobel prize in chemistry jointly in recognition of the scientific and practical significance of 
their work. 


Since the Ziegler-Natta catalyst systems appear to function via formation of a coordination 
complex between the catalyst, growing chain, and incoming monomer, the process is also referred 
to as coordination addition polymerization and the catalysts as coordination catalysts. Other types 
of complex catalysts that have received attention for stereospecific polymerization are the reduced 
metal oxides and the alfin catalysts (prepared from compounds of sodium). All three types are 
mainly used in heterogeneous polymerization, although some homogeneous processes are also 
used. Metallocene-based Ziegler-Natta catalysts appeared on the scene in the early 1980s, follow- 
ing the pioneering studies of Brintzinger (Wild et al., 1982), Ewen (1984), Kaminsky (Kaminsky 
et al., 1985), and coworkers. Compared to conventional heterogeneous Ziegler-Natta systems in 
which a variety of active centers with different structures and activities usually coexist, homoge- 
neous metallocene-based catalysts (see Section 9.7) have very uniform catalytically active sites 
which possess controlled, well-defined ligand environments, thus allowing much greater control 
on the polymer formed (Tait, 1988). 
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Table 9.1 Stereoregularity of Polypropylene Produced 
with Different Catalyst Systems? 


Catalyst system? Stereoregularity (%) 
(C2H5) Al + TiCly 48 
(C2H5)3Al + TiCls (a, y or ô) 80-92 
(C2H5)3Al + TiCls (6) 40-50 
(i-C4Hg)3Al + TiCly 30 
(C6H5)3Al + TiCls (œ) 65 
(C2H5)3Al + ZrCly 55 
(C2H5) Al + VClz 73 
(C2H5)3Al + VCly 48 
(C2H5)3 Al + CrCl; 36 
R,AIX + TiCl; 90-99 
RAIX) + y-TiCls + Amine >99 


“Data from Jordan (1967). PR = alkyl, X = halogen 


9.2 Ziegler-Natta Catalysts 


9.2.1 Catalyst Composition 


A Ziegler-Natta catalyst may be simply defined as a combination of two components: (1) a tran- 
sition metal compound of an element from Groups IVB to VIIIB, and (2) an organometallic com- 
pound of a metal from Groups I to III of the periodic table. The transition metal compound is 
referred to as the catalyst and the organometallic compound as the cocatalyst. A combination of 
the catalyst and the cocatalyst is often referred to simply as the catalyst. 

The catalyst component usually consists of halides or oxyhalides of titanium, vanadium, chro- 
mium, molybdenum, or zirconium, and the cocatalyst component often consists of an alkyl, aryl, or 
hydride of metals such as aluminum, lithium, zinc, tin, cadmium, beryllium, and magnesium. The 
catalyst systems may be heterogeneous (some titanium-based systems) or soluble (most vanadium- 
containing species). The best known systems are probably those derived from TiCl4 or TiCl3 and 
an aluminum trialkyl. 

The catalysts which are useful for the preparation of isotactic polymers are heterogeneous, i.e., 
they are insoluble in the solvent, or diluent, in which they are prepared. They are prepared by mix- 
ing the components in a dry, inert solvent in the absence of oxygen, usually at a low temperature. 
The nature of the insoluble Ziegler-Natta catalysts is not well understood and the trial-and-error 
method is frequently used in developing new catalysts. 

Making changes in the catalyst system and mixing with additives affect the rate of polymer- 
ization as well as yield, molecular weight, and the degree of stereoregularity of the polymer. Table 
9.1 shows how some of the structural variables of Ziegler-Natta catalysts affect the stereoregularity 
of polypropylene. 


9.2.2 Nature of the Catalyst 


The nature of the Ziegler-Natta catalyst systems is not precisely known. In the case of insoluble 
catalyst systems, it is, however, certain that the true catalysts are not simple coordination adducts 
of aluminum alkyl and the metal halide, but complex reactions occur during the initial period 
of “aging”, often needed to achieve high activity. The reactions probably involve exchange of 
substituent groups (Allcock and Lampe, 1990; Odian, 1991) such as those shown in Eqs. (9.1)- 
(9.3): 
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AIR3 + TiCl4 = R2AICl] + RTiCl3 (9.1) 
R2AICI] + TiCly = RAICl + RTiCls (9.2) 
AIR3 + RTiCl; = R2AlCl + R2TiCh (9.3) 


leading to the formation of transition metal-carbon (Ti—C) bonds. The organotitanium halides thus 
formed are unstable and can undergo reductive decomposition processes, such as shown in Eqs. 
(9.4) and (9.5): 

RTiCl,; — R° + TiClh (9.4) 


RoTiCl, — R° + RTiICh (9.5) 


(Note that TiCl3 itself can be used as an initial catalyst component in place of TiCl4.) Further 
reduction may also occur yielding TiCl : 


RTiCl — TiCl, + R° (9.6) 
RTiCl, — TiCl + RCI (9.7) 


In addition, TiCl; may be formed by the reaction: 
TiCl4 + TiCl, = 2TiCl; (9.8) 


Some of the steps in the above sequence of reactions are reduction steps in which the transition 
metal is reduced to a low valency state possessing unfilled ligand sites. The reduction steps are very 
important as the low-valency transition metal species are believed to be the real catalysts or pre- 
cursors of real catalysts. For heterogeneous catalysts, the reactions are, in fact, more complicated 
than those shown above. Radicals formed in these reactions may be removed by different processes 
such as combination, disproportionation, or reaction with solvent. Unlike heterogeneous catalysts, 
the soluble catalysts appear to have well defined structures. For example, the soluble catalyst 
system that is obtained by the reaction of triethyl aluminum and bis(cyclopentadieny])titanium 
dichloride is known by elemental and x-ray analysis to have a halogen-bridged structure (I): 


B a a | 
ria 


9.2.3 Evolution of the Titanium-Aluminum System 


The efficiency or activity of the early Ziegler-Natta catalyst systems was low. The term activity 
usually refers to the rate of polymerization, expressed in terms of kilograms of polymer formed per 
gram of catalyst. Thus a low activity meant that large amounts of catalyst were needed to obtain 
reasonably high yields of polymer, and the spent catalyst had then to be removed from the prod- 
uct to avoid contamination. This problem effectively disappeared with the advent of subsequent 
generations of catalysts leading to large increases in activity without loss of stereospecificity. This 
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was achieved by increasing the effective surface area of the active component by more than two 
orders of magnitude through impregnation of the catalyst on a solid support such as MgClo or 
MgO. For example, in contrast to a typical TiCl3;—AIR3 catalyst which yields about 50 to 200 g 
of polyethylene per gram of catalyst per hour per atmosphere of ethylene, as much as 200,000 g 
of polyethylene and over 40,000 g of polypropylene per gram titanium per hour may be produced 
using a MgClo-supported catalyst, thus obviating the need to remove the spent catalyst (a costly 
step) from the product. Such catalyst systems are often referred to as high-mileage catalysts. 

Stereospecificity of the catalyst is kept high (> 90-98% isotactic dyads) by adding electron- 
donor additives such as ethyl benzoate. Typically, a superactive high-mileage catalyst is made by 
grinding and mixing magnesium chloride (or the alkoxide) and TiCly in a ball mill, followed by 
the addition of Al(C2H5)3 with an organic Lewis base (Hu and Chien, 1988). 


9.3 Mechanism of Ziegler-Natta Polymerization 


It is generally agreed that the heterogeneous Ziegler-Natta polymerization occurs at localized sites 
on the catalyst surface, which are activated by the organometallic component by alkylation of a 
transition metal atom at the surface. Of the various mechanisms that have been proposed, the two 
that are most generally accepted are the so-called monometallic and bimetallic mechanisms (Boor, 
Jr., 1979; Jordan, 1967), the former being favored in heterogeneous processes. In both processes, 
it is postulated that the monomer is incorporated into a polymer by insertion between a transition 
metal atom and the terminal carbon of the coordinated polymer chain. These two mechanisms are 
separately discussed in later sections. 

In polymerization with Ziegler-Natta catalysts, a radical mechanism is not acceptable as it can- 
not explain the stereoregularity and formation of isotactic polymers. An ionic mechanism is, of 
necessity, widely favored and accepted. Coordination catalysts can thus be visualized as perform- 
ing two functions (Odian, 1991). First, they provide the species that initiates the polymerization. 
Second, a fragment of the catalyst, acting as “gegenion’ or counterion of the propagating species, 
coordinates with both the propagating chain end and the incoming monomer in order to orient the 
monomer with respect to the growing chain end for a stereospecific addition (see Fig. 9.1). In 
short, the mechanism can thus be described as a concerted multi-centered reaction. 


9.3.1 Mechanism of Stereospecific Placement 


The prerequisite for a constant specific orientation of the monomer is a fixed location of both the 
cation and the anion. If either of them is soluble or dispersible, poor stereoregularity or atactic 
poly(a-olefin) structures would result. Many different mechanisms have been proposed to explain 
the usual isotactic placement produced by coordination initiators (Tait and Watkins, 1989). Figure 
9.1 presents a simple mechanism for an anionic coordination polymerization with isotactic place- 
ment. According to this mechanism, the polymer chain end bears a partial negative charge, while 
the catalyst fragment G (gegen-ion or counterion) has a partial positive charge. (A cationic co- 
ordination polymerization mechanism would be similar but the signs of the partial charges would 
be reversed.) The stereospecific polymerization of @-olefins and other nonpolar alkenes proceeds 
by z-complexation between monomer and the transition metal in G, followed by insertion of a 
monomer molecule into the metal-carbon bond by a four-center anionic coordination insertion 
process (Odian, 1991), permitting head-to-tail addition and hair-like growth on the anionic site. 
The chain propagation via the anionic coordination mechanism, as shown above, involves in- 
sertion of an oriented monomer molecule. In more detail, since the catalyst fragment G (containing 
transition metal) is coordinated with both the propagating chain end and the incoming monomer 
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Figure 9.1 Mechanism for anionic coordination polymerization with isotactic placement. (After Odian, 
1991.) 


molecule, the latter becomes oriented as it is added to the polymer chain. The four-center cyclic 
transition state results from the formation of bonds between the propagating center and the incom- 
ing monomer unit and between the latter and the catalyst fragment G. This change is supposedly 
brought about by the nucleophilic attack of the carbanion polymer chain end on the a-carbon of 
the alkene monomer together with an electrophiic attack of cationic counterion (G*) on the alkene 
m-electrons. The catalyst fragment acts essentially as a ‘template’ or ‘mold’ for the orientation and 
isotactic placement (catalyst site control) of incoming successive monomer units (Odian, 1991). 


9.3.2 Bimetallic and Monometallic Mechanisms 


The catalyst complex of the TiCl; / AIR3 system essentially acts as a template for the successive 
orientation and isotactic placement of the incoming monomer units. Though a number of struc- 
tures have been proposed for the active species, they fall into either of two general categories: 
monometallic and bimetallic, depending on the number of metal centers (Patat and Sinn, 1958; 
Natta, 1960; Arlman and Cossee, 1964). The two types can be illustrated by the structures (II) 
and (III) for the active species from titanium chloride (TiCl4 or TiCl3) and alkylaluminum (AIR3 
or AIR2CI). 
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Structure (II), representing a bimetallic species, is the coordination complex that arises from the in- 
teraction of the original catalyst components (titanium and aluminum compounds) with exchange 
of R and Cl groups [cf. Eqs. (9.1)-(9.8)]. The placing of R and Cl groups in parentheses sig- 
nifies that the exact specification of the ligands on Ti and Al cannot be made. Structure (IID), 
representing a typical monometallic species, constitutes an active titanium site at the surface of a 
TiCl3 crystal. Besides the four chloride ligands that the central Ti atom shares with its neighboring 
Ti atoms, it has an alkyl ligand (received through the aforesaid exchange reactions) and a vacant 
orbital (0). 


9.3.2.1 Bimetallic Mechanism 


The truly active bimetallic catalysts are complexes that have an electron-deficient bond, e.g., 
Ti---C---Al in (II). Chain propagation by the bimetallic mechanism (Patat and Sinn, 1958) occurs 
at two metal centers of the bridge complex as shown in Fig. 9.2(a). The mechanism is similar 
to that shown in Fig. 9.1 except that the identity of the catalyst fragment G is shown explicitly 
in Fig. 9.2(a). As shown in Fig. 9.2(b), the ion of the transition metal forms a -complex with 
the nucleophilic olefin, which is then incorporated, following a partial delocalization of the alkyl 
bridge, into a six-membered ring transition state [Fig. 9.2 (c)]. The monomer then enters into the 
growing chain between the Al and the C, thereby regenerating the complex [Fig. 9.2(d)]. While 
the chain growth takes place always from the metal end, the incoming monomer is oriented, for 
steric reasons, with the =CH2 group pointing into the lattice and the CH3 group to one side, with 
the result that the process leads to the formation of an isotactic polymer. 

While a limited amount of experimental evidence does lend support to the bimetallic concept, 
majority opinion favors the second and simpler alternative, the monometallic mechanism. 


9.3.2.2 Monometallic Mechanism 


It is generally accepted that the d-orbitals in the transition element are the main source of catalytic 
activity and that it is the Ti—alkyl bond that acts as the polymerization center where chain growth 
occurs. The function of the aluminum alkyl is thus only to alkylate TiCl;. The monometallic 
mechanism described below is the one based mainly on the ideas of Cossee and Arlman (1964). 
The quantum theory developed by Cossee (1967) provided a sound theoretical basis for this mech- 
anism. 

According to the mechanism, the active center is formed by the interaction of aluminum alkyl 
with an octahedral vacancy around Ti. For a—TiCl; catalyst the formation of active center can be 
represented as shown in Fig. 9.3. To elaborate, the five-coordinated Ti** on the surface has a va- 
cant d-orbital, represented by A, which facilitates chemisorption of the aluminum alkyl followed 
by alkylation of the Ti** ion by an exchange mechanism to form the active center TRC]. The 
vacant site at the active center can accommodate the incoming monomer unit, which forms a z- 
complex with the titanium at the vacant d-orbital and is then inserted into the Ti—alkyl bond. The 
sequence of steps is shown in Fig. 9.4 using propylene as the monomer. 
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Figure 9.2  Bimetallic mechanism for stereospecific polymerization. (After Patat and Sinn, 1958.) 


After the monomer is inserted into the Ti—alkyl bond, the polymer chain migrates back to its 
initial position, while the vacant site migrates to its original position to accept another monomer 
molecule. This migration is necessary, as otherwise an alternating position would be offered to the 
monomer leading to the formation of a syndiotactic polymer instead of an isotactic polymer. 


Problem 9.1 From the accurate kinetic data that have been obtained (Natta and Pasquon, 1959) for the 
polymerization of C3H6 with a-TiCl3 and Al(C2Hs)3 it appears that in the steady state the rate is strictly 
proportional to the pressure of C3H6. The polymerization rate is also proportional to the amount of œ-TiCl3 
and independent of the concentration of Al(C2Hs)3. Suggest a kinetic scheme in conformity with these 
observations. A qualitative use may be made of the fact that an activation energy of 11-14 kcal/mol has been 
observed for this polymerization and that no stable complex between a-olefins and Ti has been found. 
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Answer: 


The complex formation and the rearrangement can be described schematically as 
kı k 
S+M = SM and SM -> Y, respectively, where S is the vacant site, SM is the complex between vacant 
k2 
site and monomer, M is the monomer, and S’ is the new vacant site with alkyl group being one unit longer. 
The following relations hold: 


—d[M]/dt = k[S][M] — ko[SM] (P9.1.1) 
d[SM]/dt = —k3[SM] + kı[S][M] — k2[SM] (P9.1.2) 
[SM] + [S] = [C] (P9.1.3) 


where [C] is the total number of active sites (vacant + filled). Applying steady-state conditions, d[SM]/dt = 
0. One then obtains, after a few eliminations, 


—d[M]/dt = (kyk3[C][M])/(ki[M] + k2 + kz) (P9.1.4) 

According to Eq. (P9.1.4), strict proportionality of the polymerization rate to the monomer pressure 
requires that either k > kı [M] or k3 > k,[M]. When k; > k,[M], one has the situation where every 
molecule entering the vacant site would react immediately. The rate determining step would then be the 
complex formation. This, however, seems not very likely, if it is assumed that diffusion of the monomer 
through the growing polymer is not a limiting factor. It is also difficult to visualize that putting a neutral 
molecule into a vacant position would require an activation energy of 11-14 kcal/mol that has been observed. 
This activation energy would preferably be attributed largely to the rearrangement, and the conclusion may 
thus be drawn that k2 >> kı [M]. This also fits the observation that no stable complexes between a-olefins and 
Ti have been found. 


The polymerization rate now becomes 


Rp = (ki k3/k2)[C][M] (P9.1.5) 


and the measured activation energy is: AE = AER — AHc, where AEp is the activation energy for 
the rearrangement and AH is the heat of complex formation. Since the latter is probably very small, the 
activation energy for the rearrangement of the complex will be of the order of 10 kcal/mol. 
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Figure 9.3 Interaction of aluminum alkyl with an octahedral vacancy around Ti in the first stage of monometal- 


lic mechanism. (After Cossee, 1967.) 
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Figure 9.4 Monometallic mechanism for stereospecific polymerization. (After Cossee, 1967.) 


Stereoregulation The distinctive characteristic of Ziegler-Natta catalysts is their ability to pro- 
duce stereoregular polymers. To obtain a stereoregular polymer, according to the monometallic 
mechanism of Cossee and Arlman, the chemisorption of the monomer should always lead to the 
same orientation of the molecule on the catalyst surface. It becomes apparent from an examination 
of models that a molecule such as propylene can fit into the catalyst surface in only one way if a 
position of closest approach of the double bond to the Ti** ion is to be achieved. This requires 
that the =CH2 group of the incoming monomer points into the lattice and, consequently, for steric 
reasons the orientation of the -CH3 group to one side is preferred. It thus ensures that the configu- 
ration of the monomer while complexing at the vacant site, prior to incorporation into the polymer 
chain, is always the same so that an isotactic polymer is formed. Since migration of the vacant 
site back to its original position is necessary for isospecific polymerization, this also implies that 
the tacticity of the polymer formed depends essentially on the rates of both the alkyl shift and the 
migration. Since both these processes slow down at lower temperatures, a syndiotactic, instead 
of isotactic, polymer would be formed when the temperature is decreased. In fact, syndiotactic 
polypropylene can be obtained at —70°C. 


9.4 Kinetics of Ziegler-Natta Polymerization 


9.4.1 Typical Shapes of Kinetic Curves 


In Ziegler-Natta polymerizations, the reaction systems are more often heterogeneous than homo- 
geneous. While the relatively few polymerizations that are homogeneous behave in a manner 
generally similar to ionic polymerizations, described in Chapter 8, the heterogeneous systems 
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Figure 9.5 Some typical kinetic rate-time profiles. (a) Rate increases in an initial acceleration or settling 
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period to reach a more or less steady value. (b) Rate increases in an initial settling period to reach a maximum 
and then decreases. (c) No initial settling period and rate decreases rapidly from beginning. (d) Rate rises 
very rapidly to a maximum value and then decreases rapidly. (e) No settling period and rate decreases slowly. 
(f) No settling period and rate remains constant. (After Tait and Watkins, 1989.) 


usually exhibit complicated behavior, as can be seen from some typical kinetic rate-time profiles 
of Ziegler-Natta poymerizations, Types (a)-(f) in Fig. 9.5. The shapes of these profiles may be 
characteristic of particular catalysts or catalyst-monomer systems and may be considered to consist 
of three periods, viz., an acceleration period, a stationary period, and a decay period. Some 
catalyst systems, however, show all three types. 

Type (a) behavior is observed for many first generation catalyst systems, e.g., a-TiCl3, VCls, 
etc. with dialkylaluminum halides as cocatalysts in the polymerization of propylene in hydrocar- 
bon media. During an initial acceleration period, which is of 20-60 minutes duration for many 
propylene polymerizations at 1 atm pressure in the temperature range 50-70°C, the rate increases 
from the beginning to reach a more or less steady value. Natta and Pasquon (1959) attributed this 
behavior to the breakdown of the a-TiCl; matrix to smaller crystallites due to the pressure of the 
growing polymer chains in the initial stages, leading to exposure of fresh Ti atoms and creation 
of new active centers with consequent increase in the polymerization rate. After all the a-TiCl3 
matrix has broken down, the polymerization rate remains steady for a relatively long period of 
time. The effect of particle size is further discussed in a following section. 

Type (b) behavior, in which the rate of polymerization increases in an acceleration period to 
reach a maximum and then decreases, may be observed for a more active but less stable catalyst, 
while Type (c) or Type (d) behavior in which the rate starts at a maximum value or rises very 
rapidly to a maximum value and then decrease rapidly with time is exhibited by many supported 
high-activity catalyst systems, e.g., MgClo/ethylbenzoate/TiCl4—AIEt3 in ethylene or propylene 
polymerization. Type (c) behavior is also shown by many homogeneous catalyst systems, e.g., 
Cp2TiEtCl—AlEtCl, in ethylene polymerization (Cp = cyclopentadiene). 
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Figure 9.6 Typical kinetic curves observed during propylene polymerization with ground and unground 
TiCl3. Curve A: decay type; curve B: build-up or acceleration type; zone I: build-up period; zone II: decay 
period; zone III: stationary period. (After Keii, 1973.) 


Type (e) behavior may be observed when there is an almost instantaneous breakdown of porous 
catalyst particles on treatment with the cocatalyst so that an acceleration or settlement period is 
nearly nonexistent. This behavior is shown by ether-treated highly porous catalysts in propylene 
polymerization (Tait and Watkins, 1989). The polymerization rate decreases very slowly with time 
due to good stability of the catalyst system. 

Type (f) behavior, featuring constant polymerization rate, is not often found in practice. One 
example of this type is the polymerization of 4-methyl-1-pentene on MgClo-supported catalysts 
containing phthalate esters. The polymerization rate for this system is found to be almost constant 
with time (Kissin, 1985). 

At higher conversions, the diffusion of monomer to the propagation centers through the formed 
polymer may be slow enough to become rate-determining and the rate of propagation may then be 
diffusion controlled. Even at low conversions, diffusion may be rate-controlling in heterogeneous 
systems at a low degree of agitation. In such systems, the polymerization rate increases with 
increased rate of stirring (Keii, 1973). 


9.4.2 Effect of Catalyst Particle Size 


The effect of the catalyst particle size on the rate of polymerization was first studied by Natta and 
Pasquon (1959), who found that for a constant concentration of the monomer the rate of poly- 
merization changed with time depending on the particle size. While with ground TiCl; (particle 
size < 2u) the rate of propylene polymerization quickly reached a maximum and then decreased 
gradually to an asymptotic stationary value (curve A in Fig. 9.6), with unground particles (size up 
to 10u) no maxima were found but the rate accelerated to approach the same asymptotic stationary 
value (curve B in Fig. 9.6). The former behavior is referred to as the decay type, whereas the latter 
is known as the build-up or acceleration type. Corresponding to the shapes of the rate curves, the 
different zones can thus be classified into build-up, decay, and stationary periods (see Fig. 9.6). 
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Natta and Pasquon (1959) attributed the acceleration type behavior to an increase in surface due 
to break-up of catalyst particles under mechanical pressure of growing polymer chains (anchored 
to the catalyst active centers) in the early stages of polymerization. However, as the particle size 
becomes smaller, greater mechanical energy is required for further size reduction. Consequently, 
the particle size, and hence the specific surface area, would reach some asymptotic value. The 
observed stationary polymerization rate would correspond to this particle size of the catalyst. 

In some cases, a decay type behavior is observed which may be caused by active site destruc- 
tion, such as by thermal deactivation or further reduction of the transition metal by the Group I-III 
metal component. The decay type kinetics is explained later in terms of the deactivation of active 
sites. 


9.4.3 Chain Termination 


The termination of a polymer chain growing at an active center may occur by various reactions 
(Young and Lovell, 1990; Odian, 1991), as shown below with propylene as the example. 


1. Chain Transfer to monomer : 


Key, 
e—Ti—CH2—-CH(CH3)—www =+ 3) CH3 CH=CH? = e—Ti—CH2CH2CH3 
+ CH2 =C(CH3 )—vww (9.9) 


krr, 
e—Ti—CH2—CH(CH3)—www + CH3CH=CH3 pia e—Ti-CH=CH-CH3 
aa CH3—CH(CH3)—www (9.10) 


where e—Ti represents the transition metal active center on the catalyst site at which chain propa- 


gation takes place. Note that it is the methylene carbon atom from the monomer that is bonded to 
the transition metal atom (cf. Fig. 9.2). 


2. Chain transfer to the Group I-III metal alkyl : 


tr,A 


k, 
e-Ti-CH2-CH(CH3)-ww + AI(C2Hs) =$ e-Ti-CHCH; + 


(C2H5 )2A1-CH2 —CH(CH3)—www (9.11) 
3. Spontaneous intramolecular B—hydride transfer : 
ks : 
e—Ti-CH> —CH(CH3)—www = e—Ti-H + CH2 =C(CH3 )—vww (9.12) 
4. Chain transfer to an active hydrogen compound such as molecular hydrogen (external 
agent): 
krm 


e—Ti—CH2—CH(CH3)—ww + H2 —> e-Ti-H + CH3-CH(CH3)-www (9.13) 


The above reactions terminating the growth of polymer chains are indeed chain transfer reac- 
tions since in each case a new propagating chain is initiated. The relative extents of these reactions 
depend on various factors such as the monomer, the initiator components, temperature, concentra- 
tions, and other reaction conditions. Under normal conditions of polymerization, intramolecular 
hydride transfer is negligible and termination of propagating chains occurs mostly by chain trans- 
fer processes. Being a highly effective chain transfer agent, molecular hydrogen is often used for 
polymer molecular weight control. 
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9.4.4 Kinetic Models 


In this section several empirical rate expressions for Ziegler-Natta polymerizations will be pre- 
sented and attempts to model the polymerization will be described. It is found that several models 
could be proposed to explain the same rate equations. The models are based on the assumption 
of a fixed geometric center that has a definable identity and activity invariant with time. These 
assumptions, however, are far too simplistic and only limited general agreement of the models 
with the observed kinetic behavior or good agreement only in specific cases could be expected. 


9.4.4.1 Early Models 


A number of simple kinetic models (Natta and Pasquon, 1959; Kissin, 1985) have been developed 
for polymerization systems that have rate-time profiles of the types shown in Fig. 9.5 (a to f). 
These models are based on the assumption that the polymerization consists of three steps, namely, 
chain initiation, chain propagation, and chain transfer, and that the total concentration of active 
centers, C*, remains constant during the polymerization. 


Chain Initiation Chain initiation in Ziegler-Natta polymerization consists of insertion of the first 


monomer molecule, M, into a transition metal-carbon bond (Cat-R) in an active center, resulting 
in the formation of a polymerization center (Cat—P) : 


kj 
Cat-R +M —> Cat-P; (9.14) 


Chain Propagation The chain propagation step involves successive insertion of monomer molecules 
into a transition metal-carbon bond in a polymerization center : 


k 

Cat-P;} +M —> Cat-P2 (9.15) 
k 

Cat-P2 +M —> Cat-P; (9.16) 
kp 

Cat-P, +M — Cat—Prsj (9.17) 


For simplicity, all polymerization centers are considered to be equally active with the same 
propagation rate constant, kp, irrespective of their geometric location and the degree of polymer- 
ization of the growing chains bound to the centers. It is, however, found that all polymerization 
centers are not equally active and the kp of the above propagation steps must therefore be regarded 
as an average. 


Chain Transfer In the absence of any externally added transfer agent, three transfer reactions 
[Eq. (9.9)-(9.12)] may be considered, viz., chain transfer with monomer, chain transfer with alky- 
laluminum, and spontaneous chain transfer, represented by 


ker 

Cat-P, +M 2 Cat-R +P, (9.18) 
krr 

Cat—P, + AIR, “3 Cat-R” + P,—AIRy-1 (9.19) 

Cat-P, $ Cat-R” +P, (9.20) 


Equations (9.18) and (9.19) are in agreement with the experimental observations that the 
molecular weight of the polymer formed decreases as the concentration of monomer or alkylalu- 
minum compound is increased. Reactions represented by Eqs. (9.18)-(9.20) lead to the formation 
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of three new initiation centers having different chemical structures. For example, in the polymer- 
ization of propylene using either AIEt3 or AIEt,Cl as the cocatalyst, R’ = n-propyl, R” = ethyl, 
and R’” = H. Equation (9.20), reperesenting spontaneous chain transfer can, however, be neglected 
for most catalyst systems and usual concentrations of monomer and alkylaluminum. 


Problem 9.2 Using the kinetic scheme given above, derive suitable expressions for the rate of polymeriza- 
tion (Rp) and average degree of polymerization (DP;,). Show how chain transfer constants can be evaluated 
from the measurement of DP. 


Answer: 


At any instant there will be polymerization centers generally represented by Cat-P, (n = 1, 2, ---) and dif- 
ferent initiation centers Cat—R’, Cat-R”, and Cat—R’” [cf. Eqs. (9.18)-(9.20)]. Thus the total concentration 
of active centers, C*, is given by the sum of the concentrations of polymerization centers, CX, and the con- 
centrations of different initiation centers, C;, at which initiation takes place at that particular moment (Kissin, 
1985): 


c* = C +C} +7 +e” (P9.2.1) 


Under stationary state conditions only the steady state with respect to the concentration of polymerization 
centers need be considered. A steady state thus implies the following conditions : 


dC} /dt = 0 (P9.2.2) 
ey Rinitiation = > Reransfer (P9.2.3) 
J J 


Thus for the above reaction scheme, 


kiCi[M] = kirm Cr [M] (P9.2.4) 
k?’ C? [M] = kra Cs [A] (P9.2.5) 
k!” C!” [M] = ks c) (P9.2.6) 


where [M] and [A] are the concentrations of monomer and alkylaluminum, respectively; k/, kj’, and kt” are 
the rate constants for chain initiation involving the Cat—R’, Cat-R”, and Cat-R”” species, respectively [cf. 
Eq. (9.14)]. 


Equation (P9.2.1) can be rewritten as 


C: 
C = â — (P9.2.7) 
P 1+ (Ci/C}) + (C7 /C)) + (CCF) 
Substituting from Eqs. (P9.2.4)—(P9.2.6) then gives 
c* 
CO ae s P9.2.8 
k 1 + kimm/k; + kra [A]/k”" [M] + ks/k;” [M] ; : 
Hence the rate of polymerization is 
Rp = kpc [M] 
Bi yeh nt = WOM <8 St (P9.2.9) 


[M] + krm MIKE + Kina [AWAY + kolk?” 
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The number average degree of polymerization, DP, is given by 


es kp [M] 
DP, = (P9.2.10) 
KiyM[M] + kira [A] + ks 


or, 


1/DPn = kirm/kp + kra [A]/kp[M] + ks/kp [M] (P9.2.11) 


Hence a plot of 1/DP, vs. 1/[M] for polymer samples prepared with constant [A] should be a straight line 
having kr,m/kp as the intercept and (kra [A]/kp + ks/kp) as the slope. Similarly when 1/DP, is plotted vs. 
[A] for polymer samples prepared with constant [M], a straight line should be obtained having (ki,m/kp + 
ks/kp [M]) as the intercept and kj,4/kp[M] as the slope. Consequently, all chain transfer constants can be 
evaluated (Kissin, 1985) as ratios of chain transfer rate constants kýr M, kta, and ks to the propagation rate 
constant kp. Values listed in Table 9.2 are derived in this way. 


Some compounds, particularly hydrogen, are effective chain transfer agents [cf. Eq. (9.13)] 
that cause reduction of molecular weight. For this reason hydrogen is usually added in the com- 
mercial production of polyethylene and polypropylene. It is easy to modify Eq. (P9.2.11) to 
include the effect of hydrogen by adding an extra term kn, [H2]/kp [M] to the right side of Eq. 
(P9.2.11). 

It should be noted that the aluminum alkyls are known to be mainly dimeric in solution, existing 
in equilibrium with the monomeric species : 


Ka 
A2 = 2A 


[A] = Ky [A]? (9.21) 


where the brackets are used to indicate concentrations and K4 represents the dissociation equilib- 
rium constant. Due to the occurrence of dimerization, the actual amount of monomeric AIR3 is 
small and [A] in Eqs. (P9.2.9)—(P9.2.11) must be replaced by KIP lA". It should be noted that 
the values of kıa for AIEt3 and AIEt2Cl listed in Table 9.2 are the effective values including the 
equilibrium constant for dissociation of dimers into monomeric species, i.e., 


(Kr, A)real = kira (K (9.22) 


Problem 9.3 Derive limiting expressions from Eqs. (P9.2.9) and (P9.2.10) for the case where [M] is high. 


Answer: 
When [M] is high, Eqs. (P9.2.8)-(P9.2.10) approximate to 


c* 
cy = ———{ P9.3.1 
2 1 + krm/k? ( ) 
kpC* [M] 
Rya 2S P9.3.2 
k 1 + kinm/k? ( ) 
DP, = kp/kirm (P9.3.3) 


Further simplification results when ki = kp > ktm. Equations (P9.3.1) and (P9.3.2) then reduce to Ch x 
C* and R p = kpC * [M]. Thus at high [M], R p becomes proportional to [M] and DP,, becomes independent 
of all polymerization variables. 
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Table 9.2 Chain Transfer Constants (k;,/k») for Alkene Polymerization 
with Heterogeneous Ziegler-Natta Catalysts 


Monomer Catalyst Temp. kizm/kp — Ktr,A/Kp ks/kp 
system (CC)  (x1074) (x104) (x1074) 

Ethylene 6-TiCl;-AlEt3 75 0.4 1.7 - 

Ethylene y-TiCl3-AlEt2Cl 40 1.4 0.04 

Propylene a-TiCl3-AlEt3 70 6-12 17-34 1.2-2.5 

Propylene VCl3-Al(Bu')3 60 10 6 0.25 


Source: Erich and Mark, 1956; Zakharov et al., 1977; Grieveson, 1965. 


9.4.4.2 Adsorption Models 


Ziegler-Natta catalyst systems being mostly heterogeneous in nature, adsorption reactions are most 
likely to occur in such polymerizations and feature in their kinetic schemes (Erich and Mark, 
1956). A number of kinetic schemes have thus been proposed based on the assumption that the 
polymerization centers are formed by the adsorption of metal alkyl species on to the surface of a 
crystalline transition metal halide and that chain propagation occurs between the adsorbed metal 
alkyl and monomer. In this regard the Rideal rate law and the Langmuir-Hinshelwood rate law for 
adsorption and reaction on solids assume importance (see Problem 9.4). 


Problem 9.4 Considering reaction between A and B catalyzed by a solid there are two possible mecha- 
nisms by which this reaction could occur. The first is that one of them, say A, gets adsorbed on the solid 
surface and the adsorbed A then reacts chemically with the other component B, which is in the gas phase or 
in solution and is not adsorbed on the surface. The second mechanism is that both A and B are adsorbed, and 
the adsorbed species undergo chemical reaction on the surface. The reaction rate expression derived for the 
former mechanism is the Rideal rate law and that for the second mechanism is the Langmuir-Hinshelwood 
rate law. Obtain simple derivations of these two rate laws. 


Answer: 


Both the Rideal and Langmuir-Hinshelwood rate laws are based upon the Langmuir adsorption equation 
which is applicable for gas-solid as well as liquid-solid systems where diffusion of the sorbate to the solid 
surface is not rate limiting (generally true). The basic assumption of the Langmuir adsorption is that adsorp- 
tion occurs at adsorption sites and all these sites are equivalent. For gas-solid systems, the rate of adsorption, 
Ta, of the gas A is proportional to the gas pressure, pa, and the number of vacant sites, i.e., 


Ta = kapa(m — na) (P9.4.1) 


where ny is the total number of adsorption sites and na is the number of sites which are occupied by molecules 
of A. The rate of desorption, on the other hand, is postulated to be 


rq = ka NA (P9.4.2) 
At equilibrium the rates of adsorption and desorption are equal. Equating Eqs. (P9.4.1) and (P9.4.2) then 
gives 
ka palka 


ny = n P9.4.3 
A "C+ ka palka) PAR 
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Defining the fraction of adsorption sites covered by A as 6, = na/ny and the equilibrium constant for the 
adsorption equilibrium as Ka = ka/ką, the above equation reduces to 


KA pA 


0 — 
a 1+ Kapa 


(P9.4.4) 


The term 0, in Eq. (P9.4.4) represents the fraction of total adsorption sites occupied by A. If there are 
two kinds of molecules, A and B, which are competing for the adsorption sites, one modifies Eq. (P9.4.4) to 


Ka pA 
z P9.4.5 
fa 1 + Kapa + Kg pp ore 
K 
Be. Se EE (P9.4.6) 


1 + Kapa + Kp pp 
where pa and pp are the partial pressures of A and B. 
If there is a gas molecule Az which is adsorbed in the dissociated form, A, Eq. (P9.4.4) is modified to 


Ka (Ka pa)? 


oa = SAMa Ppa) 
1 + Ka (Ka pa,)'? 


(P9.4.7) 


where Ky is the dissociation equilibrium constant of Ap. 


Equations (P9.4.4)—(P9.4.7) are applicable for gas-solid adsorption. For liquid-solid adsorption, the 
partial pressures pa, pg, and pa, in these equations are replaced by concentrations [A], [B], and [A2], 
respectively. 


(a) If the reaction takes place between the adsorbed gas A and the other component B in the gas phase, the 
rate of reaction is given as 


Rap = ks[S]@a pp (P9.4.8) 


where ks is the surface reaction rate constant and [S] is the concentration of adsorption sites. 


Substituting Eq. (P9.4.4) into Eq. (P9.4.8) gives the Rideal rate law as 


Ras = BE [s] 2AE (P9.4.9) 
1+ KA pA 
For liquid-solid systems, the corresponding rate law is 
[A] [B] 
R = ks Ka [S] —— P9.4.10 
AB s a ISI EKAIA] ( ) 


(b) If both A and B are adsorbed before the chemical reaction occurs, the rate of reaction is given as 
Rap = ks@a Op[S] (P9.4.11) 


Substituting for 04 and 6g from Eqs. (P9.4.5) and (P9.4.6) one obtains the Langmuir-Hinshelwood rate 
law as 


ks Ka K 
Rap = s Ka Kg [S] pa pB (P9.4.12) 


(1 + Kapa + Kg pp? 


The corresponding equation for liquid-solid systems is then 


_ — ksKa Kg [S][A][B] 
Ra = U + KalAl + Kp BD? (P9.4.13) 
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For Ziegler-Natta polymerization it may be postulated that the dimeric alkylaluminum molecules 
are adsorbed on TiC]; sites to give rise to polymerization centers by the following equilibrium pro- 
cess : 


K, 
(AIR3)2 + Active site = Polymerization center (PC) (9.23) 


Equations (P9.4.8)—(P9.4.10) can now be applied and the rate so obtained will be applicable 
in the stationary zone because steady-state conditions were assumed in deriving these equations. 
Equation (P9.4.9) is applicable if the PCs react with monomer molecules present in the reaction 
medium. In this case one has, corresponding to Eq. (P9.4.8), 


Root = ksi [S] 0an [M] (9.24) 


where [M] is the monomer concentration in the bulk of the reaction mass and R. is the rate under 
the assumed conditions. Substituting for @a1,r, by comparison with Eq. (P9.4.4) one can write 


Ka JA 
ch sim ARL (9.25) 


where Ka is the adsorption equilibrium constant and [A2] is the concentration of the alkylalu- 
minum dimer. 

Applying Henry’s law for the dissolution of the gaseous monomer in the solution, [M] is given 
by 


[M] = H.pm (9.26) 


where H is the Henry constant and py is the partial pressure of the monomer. Equation (9.25) 
then becomes 
Ka [A2] 


Rol = ks IS] PMT RK, TAg] (9.27) 


Equations (9.25) and (9.27) are the Rideal rate laws for the Ziegler-Natta polymerization. 

If the PCs are assumed to react with the adsorbed monomer molecules, the Langmuir-Hinshel- 
wood rate equation [Eq. (P9.4.13)] is applicable and the rate expression in the stationary zone then 
becomes 

ks2 Ka Km [S] [Az] [M] 


3] a ee 2 
Rood = Te Ka [Aa] + Km [MIP ie 


where Ky is the adsorption equilibrium constant for the monomer. 

Equations (9.27) and (9.28) have been experimentally verified and the values of Ky and Ka 
determined. Some results (Keii, 1973; Vesley, 1962) are shown in Table 9.3. 

If polymerization takes place in the presence of donor-type impurities, such as COS, CS2, 
H20, H2S, a general rate equation of the following type can be used (Vesley et al., 1961): 


kp Km Ka [S] [Az] [M] 


Re = FKA] + KulM] + Ko DIP 


(9.29) 
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Table 9.3 Experimental Values of Adsorption Equilibrium 
Constants in Langmuir-Hinshelwood and Rideal Rate Laws 
for Propylene Polymerization 


Temp. Ka KM Rate law 
Catalyst system (°C) (L/mol) (L/mol) used? 


TiCl4 + AlEt3 32 280 - R-type 
44 170 - R-type 
57 60 - R-type 

TiC]; + AlEt3 50 21.2 0.163 L-H type 

VCl; + AIEt3 40 40-60 6-9 L-H type 


aR: Rideal; L-H: Langmuir-Hinshelwood. 
Source: Vesley, 1962; Keii, 1973; Tait and Watkins, 1989. 


where Kp is the equilibrium adsorption constant and [D] is the concentration of donor impurities. 
The extra term Kp[D] in the denominator of Eq. (9.29) takes into account the donor impurities 
competing with other species for the sorption sites. 


Problem 9.5 Show that under conditions where KM[M] « Ka [A2] (cf. Table 9.3) the Langmuir-Hinshelwood 
rate equation becomes indistinguishable from the Rideal expression for the stationary zone rate. 


Answer: 
For Ky [M] « Ka [A2], Eq. (9.28) can be simplified to 


ks2 Ka Km [S] [A2][M] 
Ror = (1 + KalAg)? (P9.5.1) 
or 
ee ks2 Ka Km [S] [A2][M] (9.5.2) 
i 1 + 2Ka [A2] K 


where K? [A2] is neglected. If Henry’s law is valid for the dissolution of monomer, Eq. (P9.5.2) becomes 


K’ [Ag] 


ks2 
R2 ~ (=) [SIH KM PM J KA] 


(P9.5.3) 


which is seen to be of the same form as the Rideal expression, Eq. (9.27). 


Problem 9.6 Under conditions of high metal alkyl concentrations the propagation rate in Ziegler-Natta 
polymerization of propylene is found (Saltman, 1960) to be given by 


Rp = kp[M][S] 


where [S] is the concentration of adsorption sites and is proportional to the catalyst weight; [M] is the 
monomer concentration and kp is the rate constant for propagation. At low metal alkyl concentrations, the 
rate is found to be dependent on the metal alkyl content. Suggest a reaction scheme to explain these results 
with Langmuir-Hinshelwood model, assuming that alkylated transition metal entities form the polymerization 
centers. 


506 Chapter 9 


Answer: 


Assuming that monomeric metal alkyl A and monomer M are competitors for the adsorption sites S on the 
catalyst surface, the following adsorption-desorption equilibria exist : 


S+A = S---A (P9.6.1) 
S+M = S---M (P9.6.2) 


where the broken line indicates attachment to the surface site. Considering this as a Langmuir-Hinshelwood 
adsorption, the fractions of surface sites covered with monomeric metal alkyl (64) and monomer (8m) are, 
respectively, 


E Ka [A] _ Kw [M] 
Ta eyIMIeRAAL eM EAA eee 


If use is made of Eq. (9.21), then 


Ka K4” [Ag]? 


7 (P9.6.4) 
1 + Km [MI] + Ka K,/* [A2]! 


At equilibrium the concentration of the adsorbed monoalkyl is [S]@4. Now assuming that the propagation 
occurs by reaction of monomer (whether adsorbed or not) with the activated adsorbed alkyl complex, i.e., 


S---A +M — S---AM 
S---AM +M —> S---AMb, etc. (P9.6.5) 


where the species AM, is also an aluminum alkyl, differing from A only in the length of the alkyl group, the 
propagation rate is 


kp Ka Kj!” [MI[S][Aa]!?2 


RS Si. 2: ee eee 
1 + Kua [M] + Ka K}? [Ag]! 


(P9.6.6) 


If Km [M] is small and Ka KY 2 [A2]! large compared to unity (i.e., 0a approaches 1), the propagation 
rates become that found experimentally, namely, 


Rp = kp[M][S] (P9.6.7) 


According to Eq. (P9.6.7), at very high monomer concentrations the propagation rate should tend to 
become independent of monomer concentrations; similarly, at low alkyl concentrations it should become 
dependent on the metal alkyl content. 


Langmuir-type adsorption has been used (Keii et al., 1967) to explain the observed rate behav- 
ior both during the initial stage (build-up period) and in the stationary state of the polymerization 
of propylene with TiCl3;—AJEt3 which exhibits a decay-type behavior (curve A in Fig. 9.6) (see 
Problem 9.7). The observed rate behavior in the build-up period of the acceleration-type curve 
(curve B in Fig. 9.6) can also be explained in a similar way. 
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Problem 9.7 The kinetics of propylene polymerization was investigated (Keii et al., 1967) using TiCl;—AlEt; 
in the temperature range 30—70°C with propylene pressure (P) in the range 100-700 mm Hg and catalyst 
concentration 2g TiCls/liter ([A]/[Ti] = 0.4-3.0). The polymerization exhibits a decay type rate profile 
(curve A in Fig. 9.6) with the polymerization rate R, at first increasing rapidly with the polymerization time 
t (Stage I) and then gradually decreasing to the stationary value Rœ (Stage II). The polymerization rate in 
Stage I in the case where propylene is introduced after the addition of (AIEt3;), is found to agree with the rate 
expression 


K[A2] 
Rp = k P — P9.7.1 
g L T+ K[A] ( ) 
while the stationary rate Rœ shows a Langmuir-type dependence expressed by 
Roo = kpPK[A2]/( + K[A2)) (P9.7.2) 


Rationalize the above kinetic behavior assuming Langmuir-type adsorption and formation of polymer- 
ization centers from Al2Ete (represented by A2) and propylene monomer on the surface of TiCl3. 


Answer: 


Stage I. 


Stage I may be considered as the period during which the polymerization center is formed on the surface of 
titanium trichloride from Al2Ete and the olefin monomer. AlyEt¢ adsorbs reversibly on the surface S to form 
a surface complex C. Assuming that the adsorption equilibrium is of the Langmuir type [cf. Eq.(P9.4.4)], 


(P9.7.3) 


[cle = isi dla 


1 + K[A2] 
where Az is Al2Ete (dimer). 


The polymerization center C* may be formed irreversibly by the attack on the surface complex C by a 
propylene monomer M from the solution. Then, the formation rate of the center can be expressed by 


d[C*]/dt = ki (MI(C]. - [C*)) (P9.7.4) 
which yields 
[C*] = [Ce — eM) (P9.7.5) 


Note that the formation of the polymerization center [Eq. (P9.7.4)] is assumed to be irreversible and that of 
the surface complex [Eq. (P9.7.3)] to be reversible because the polymerization center is more stable than the 
surface complex. 


Initially, Eq. (P9.7.5) can be approximated by 
[C*] = ki [M][Clet (P9.7.6) 


If the polymerization occurs by the Rideal mechanism, that is, the rate determining step of the polymer- 
ization is the attack of a propylene monomer from solution onto the polymerization center, the rate Rp can be 
given by 


Rp = kp [M] [C*] (P9.7.7) 
Combining Eqs. (P9.7.3), (P9.7.6) and (P9.7.7), the initial polymerization rate is represented by 


K[A 
Rp = knki IMP IS] rt (P9.7.8) 
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Using Henry’s law, [M] = H.P, where H is Henry’s constant, Eq. (P9.7.8) can also be written as 


2 KIA] 


era (P9.7.9) 


Rp =k 
where kı = k, k H° [S]. 


Stage II 


The maximum polymerization rate in the stationary state is obtained from Eq. (P9.7.7) by substituting, 
successively, Eq. (P9.7.5) at t — co to replace [C*] and then Eq. (P9.7.3) to replace [C]e. This yields 


Rmax = K[MI[C]le = K [M][S] KA Z pp K (P9.7.10) 
ec a N 1+ K[A)]] ? 1+ KA] ga 
where kp = k, H [S] 


The value of Rœ would, however, be lower as compared to Rmax due to the reduction in surface site 
concentration [S] caused by deactivation. 


While most authors consider that the initiation and propagation of chain growth in the Ziegler- 
Natta polymerization occur by the same type of mechanism, there is a considerable amount of 
evidence that the rates of these two processes are very different, the rate of chain initiation being 
much lower than that of chain propagation (Cossee, 1960). Thus two types of active sites may be 
assumed to exist in these polymerization systems, viz., polymerization centers and potential poly- 
merization centers. The formation of polymerization centers is, however, more likely to involve 
alkylated transition metal haides as proposed by Cossee (1960) and not metal alkyl molecules 
merely adsorbed onto the surface. Thus, models built on the assumption that alkylated transition 
metal entities form the polymerization centers have been found to give good agreement for several 
polymerization systems. 


Problem 9.8 The kinetic rate behavior of Ziegler-Natta polymerization of ethylene and propylene is given 
by the empirical equation (Keii, 1973) : 


dRp/dt = k(R» — Rp) 


which applies to the build-up period of acceleration-type kinetics (curve B in Fig. 9.6). Show that this equa- 
tion can be derived on the basis of a reaction scheme which assumes that (a) a potential polymerization center 
is generated when adsorption of an aluminum ethylate dimer (AIEt3)2 occurs on an active site; (b) the reaction 
of the first monomer molecule with this potential polymerization center generates a polymerization center; 
and (c) a polymerization center undergoes propagation reaction with monomer molecules, the polymerization 
center being regenerated after monomer addition in each propagation step. 


Answer: 


The reaction scheme can be represented as (Kumar and Gupta, 1978) : 
S + (AlE) = S* (P9.8.1) 
ke 
S* +M => C* (P9.8.2) 


k 
CX +M > œ> (P9.8.3) 
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where S represents a surface site (TiCl3) for adsorption, S* a potential polymerization center, and C* a 
polymerization center. Note that S* is kinetically distinguished from C* in its reaction with monomer M. 
Reaction in Eq. (P9.8.3) is the propagation reaction. 


Let [C*].o be the total concentration of polymerization centers present at £ = ov, i.e., at the stationary 
state. In the early stages of the reaction, [C*] < [C*]% and at any time the following mass balance (Kumar 
and Gupta, 1978) holds : 

[S] + [S*] + [C*] = [Slo (P9.8.4) 


where [S], is the total concentration of the active sites at t = 0. At the stationary state, Eq. (P9.8.4) becomes 


[Slo + [S*]oo + [C*]oo = [Slo (P9.8.5) 


Subtracting Eq. (P9.8.5) from Eq. (P9.8.4) one obtains 


([S]oo — [S]) + ([S*]oo -[S*]) + ([C*]oo -[C*]) = 0 (P9.8.6) 


Since S* is an intermediate entity in the formation of the polymerization center, [S*]oo 
= 0. This follows from the reasoning that after a sufficiently long interval of time, monomer molecules 
would have reacted completely with all the potential polymerization centers by the irreversible reaction in 
Eq. (P9.8.2). Moreover, since both [S] and [S].. are large numbers and it may be assumed that only a few of 
the active sites participate in polymerization, [S]o. — [S] =~ 0. Therefore, Eq. (P9.8.6) reduces to 


[Cle ICA) SSS) 20 
or, 

[S*] = [C*]oo - [C*] (P9.8.7) 
The rate of formation of polymerization centers [cf. Eq. (P9.8.2)] is given by 

d[C*]/dt = ke[M][S*] (P9.8.8) 
Substituting for [S*] from Eq. (P9.8.7), 

d[C*]/dt = ke[M] ([C*]~ - [C*]) (P9.8.9) 
The rates of polymerization at time ź and in the stationary period are given by 


Rp = kp[M][C*] (P9.8.10) 
(Rp)o = kp[M][C*]% (P9.8.11) 


If [M] is constant, multiplying Eq. (P9.8.9) by kp[M] gives 
d(kp[M][C*]) /dt = ke[M] (kp [M][C*]oo - kp [M] [C*]) 
or, 


dRpldt = k(Roo — Rp) (P9.8.12) 


where k = ke [M]. 
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Problem 9.9 For the polymerization system VCl3/AIR3/4-methyl-1-pentene, Burfield et al. (1972) pro- 
posed the following reaction scheme : 


(a) alkylated transition metal entities form the polymerization centers and chain initiation involves reaction 
between the polymerization centers and monomer; 


(b) there is excess alkylaluminum over and above the amount needed to activate the transition metal sites in 
(a) and so alkylaluminum molecules are also involved, besides monomer, in competitive adsorption reaction 
with polymerization centers; 


(c) chain propagation involves insertion of the adsorbed monomer into a transition metal-carbon bond (i.e., 
the process is monometallic); and 


(d) chain transfer reactions take place between the growing chain attached to the polymerization center and 
both adsorbed metal alkyl and adsorbed monomer. 


Derive expressions for (i) overall rate of steady state polymerization and (ii) number average degree of 
polymerization DP,,. Predict the mode of variation of DP, with reaction conditions. 


Answer: 

(a) Chain initiation arises from the following reactions : 
S+Al(Et3 = S* (P9.9.1) 
st+M “5 œ (P9.9.2) 


(b) Reversible competitive adsorption of monomer and alkylaluminum on polymerization centers is repre- 
sented by 


Km 

C*+M è M (P9.9.3) 
Ka 

C*+A SA (P9.9.4) 


where M amd A represent adsorbed monomer and adsorbed alkylaluminum, respectively. The adsorptions 
are described by Langmuir-Hinshelwood isotherms, viz., 


= Km [M] 
M= TRIM + KalAl (P9.9.5) 
eo! ae iat 


1 + Ky [M] + Ka [A] 


where ĝm and 84 are fractions of polymerization centers having adsorbed M and A, respectively. (It should 
be noted that where the metal alkyl is known to be dimeric, K 1/ 2[A3] 1/2 Should be substituted for [A]; [A2] 
is the concentration of metal alkyl dimer and K is the dissociation constant.) 


(c) Chain propagation by a monometallic process can be represented by 


— c* (P9.9.7) 


The overall rate equation for the period of steady-state polymerization is thus given by (Burfield et al., 
1972) 


Rp = kpOm(C*] (P9.9.8) 
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where kp is the propagation rate constant with respect to adsorbed monomer, and [C*] is the concentration of 
polymerization centers during this polymerization period. Substituting for Oy from Eq. (P9.9.5) yields 


kp Km [M] [C*] 


Rp = T+ Ku IM] + KalA] (P9.9.9) 


(d) The rates of chain transfer with adsorbed metal alkyl, R; a, and with adsorbed monomer, R;;.m, are given 
by 
Rira = kraba [C*] (P9.9.10) 
Rm = krm m[C*] (P9.9.11) 


(e) The number average degree of polymerization can be given (Burfield, 1972) by 


t 
ae kp Om [C*] dt 
DP, = J kr a 1C*) (P9.9.12) 


[C*] + [kim Om [C*]dt + [kina Oa [C*]dt 


Integrating, inverting, and removing [C*] gives 


1 1+ kim Out + krabat 


= =: —— P9.9.13 
DP, kp Mt ( ) 
Substituting for 04, OM and simplifying yields (Burfield, 1972) : 
1 ktr a Ka [A 1 Ka [A Kirm + 1/t 
_ Kirra Ka [A] ALA] (kinm + 1/1) (P9.9.14) 


= = + + + 
DP, kyKmIM] kpKmlM]t kpKmM]t kp 


From Eq. (P9.9.14) one can predict that DP,, will: (a) depend initially on the duration of polymerization, 
becoming invariant at a later stage of the polymerization, i.e., when ¢ is large; (b) decrease with increasing 
metal alkyl concentration; (c) increase with increasing monomer concentration; and (d) be independent of 
the metal halide concentration (since [C*] œ [VCl3]). 


[Note: The model agrees with the observed kinetics and molecular weight dependencies of the VCl3/Al(i— 
Bu)3/4-methyl-1-pentene system (Burfield, 1972). It also has general applicability to many other Ziegler- 
Natta systems. ] 


To evaluate the kinetic parameters using Eq. (P9.9.9), the concentration of polymerization 
centers [C*] is to be determined. This can be done by experiments in which the C* sites are 
quenched (made inactive) with CH30°H, !4CO, or !4CO, (Tait and Watkins, 1989; Vozka and 
Mejzlik, 1990). The number average molecular weight (together with polymer yield) and !4C- 
labeled Group I-III-metal alkyl component can also be used to determine [C*]. However, each of 
the techniques has some shortcomings that must be taken into account to ensure reliable results. 

Equation (P9.9.9) has been applied successfully to the polymerization systems characterized 
by kinetic rate-time profiles of the type (a) in Fig. 9.5. Table 9.4 shows comparative values for 
some of the principal kinetic parameters derived from this equation. 

The monometallic mechanism of Cossee and Arlman (1964) for Ziegler-Natta polymerization 
has found much acceptance in the literature as it has sound quantum mechanical basis. According 
to this mechanism, as described earlier and shown in Figs. 9.3 and 9.4, the initiation process 
involves interaction of aluminum alkyl with an octahedral ligand vacancy around Ti, leading to 


512 Chapter 9 


Table 9.4 Values of Some Kinetic Parameters for Ziegler-Natta 
Polymerization of 4-Methyl-1-pentene at 40°C 


Ka KM kp X 10° 
Catalyst system (L/mol) (L/mol) (min!) 
6-TiC]3-0.33AICI;-Al(Bu’)3 16 0.38 1.29 
MgCl)/EB/TiCl4-Al(Bu‘)3 30 1.5 4.26 
VCl3-Al(Bu')3 1.5 0.16 3.10 


Source: Tait and Watkins, 1989. 


alkylation of the Ti and regeneration of the ligand vacancy. This alkylated Ti with a ligand vacancy 
constitutes a polymerization center. Its formation can thus be described schematically by 


eTi—0 + AIEt; = eC*—Q + AIEbCl (9.30) 


where eC * —[] represents a polymerization center. 

The propagation reaction proceeds in two steps: (a) adsorption of monomer M at the ligand 
vacancy of the polymerization center followed by (b) monomer insertion in the polymer chain (via 
a complex formation) with simultaneous regeneration of the polymerization center with a ligand 
vacancy (see Fig. 9.4). The propagation reaction can thus be described schematically as 


$ 


k 
eC*—0O + M(adsorbed) = Monomer complex —, eC*— (9.31) 


The polymerization center, according to Cossee, reacts with the monomer molecules which 
are adsorbed on the catalyst. The process involves migration of the adsorbed molecules on the 
catalyst surface towards the empty ligand to form the monomer (activated) complex, in which the 
monomer molecule is bonded between the alkyl group and the transition metal atoms. The alkyl 
group then breaks off from the titanium ion giving rise to a vacant ligand site in the regenerated 
polymerization center. 


Problem 9.10 Based on the mechanism of Arlman and Cossee, derive a suitable expression for the rate of 
polymerization and predict the rate behavior that would be expected according to this rate model (Kumar and 
Gupta, 1978). 


Answer: 


For the propagation reaction described by Eq. (9.31), the rate in the stationary period may be written as 


Roo = k,[Monomer complex] (P9.10.1) 


Since the monomer complex is in equilibrium with eC* —[ and the adsorbed monomer molecules, 
p q 


[Monomer complex] = K[*C*—Q]] 6m (P9.10.2) 


where @y is the fraction of the catalyst surface covered by the monomer molecules. Therefore, 


Ro = k K[eC*—0O]øm = kpl[eC*—O] 6m (P9.10.3) 


Coordination Addition Polymerization 513 


where kp = kK and ôy is given by the Langmuir equation [cf. Eq. (P9.4.4)]: 


KMM] 


Substitution of Eq. (P9.10.4) in Eq. (P9.10.3) then gives 


Km [M] 


Ro = kp[eC*—O] T+ Ku IM] 


(P9.10.5) 


The concentration of [°C * —[]] can be evaluated by assuming an equilibrium of the initiation reaction 
in Eq. (9.30), i.e., 


_ [eC*—Q] [AIBC] 
Ka = oTi DAEs] (P9.10.6) 


From stoichiometry, one has 


[eTi—0O] = [eTi—O)} - [eC*—0O] (P9.10.7) 
[AlEņ] = [AlEt;] - [°C*—0] (P9.10.8) 
[AECI] = [ec*—G] (P9.10.9) 


where the subscript o indicates the concentration at t = 0. Substituting these in Eq. (P9.10.6) gives 
[ec*—OP = Ka ((°Ti—Oo - [°C*—0]) ([AIEts]) - [°C* 10) (P9.10.10) 


For low values of [°C * —[]], one can use the approximation 


[AIEt3] ~ [AIEt;]o (P9.10.11) 
and hence 

[ec* 0]? : ‘ 

Kag, ~ UO - fee*—ol (P9.10.12) 


Two possible cases may now be considered (Kumar and Gupta, 1978) : 


(a) When Ka [AIEt3]) >> [©Ti—[] and hence Ka [AIEt3], >> [eC* —[]], the left side of Eq. (P9.10.12) is 
close to zero and one has 


[eC*—Q] = [eTi—O) (P9.10.13) 


and Eq. (P9.10.5) becomes 


Ku [M] 


Ee (P9.10.14) 


Rot = kpl*Ti—Oh 


(b) When [®*Ti—]]o > Ka [AIEts]o, the term [°C * —[]] in the right side of Eq. (P9.10.12) can be neglected, 
and Eq. (P9.10.12) reduces to 


[ec* OP = KaleTi—D), [AlEts], 
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or, 
ec I ees Ka [AIEts]o |! 
—O)] = ([*Ti-Olh Toh (P9.10.15) 
and hence, from Eq. (P9.10.5), 
z ; Ka [AlEts]o]"? (_ Km [M] 
Ro2 = kpl[*Ti—Oo e] (l (P9.10.16) 


The adsorption constant Km in these equations has the same meaning as in the models considered pre- 
viously and it is small in value (see Tables 9.3 and 9.4). So one should observe that the rates Rj and 
Roo in Eqs. (P9.10.14) and (P9.10.16) are proportional to the monomer concentrations. These equa- 
tions also show that the stationary rate would be affected by the concentration of AIEt3 at its lower range 
(Ka [AIEt3 ]o/[©Ti—O]Jo « 1) and would be independent at its higher range (Ka [AIEt3]o/[¢Ti—D]]o > 1), 
which are in qualitative agreement with experimental observations. The above model based on the Cossee- 
Arlman mechanism does not, however, conform precisely to all the kinetic features of Ziegler-Natta polymer- 
izations. 


9.4.4.3 Average Degree of Polymerization 


The number average degree of polymerization at any given time is given by the following general 
relation 


— Number of monomer molecules polymerized in time t 
DP, = ee eee (9.32) 


Number of polymer molecules produced in time t 


The number of monomer molecules polymerized can be obtained by integrating the rate of 
polymerization. The denominator can, however, be obtained only if the transfer and termination 
rates are known. If R, denotes the sum of these rates, then (Kumar and Gupta, 1978): 


= f Rpdt 
DP, = ———— (9.33) 
[C*], + f Redt 


where [C*], is the concentration of the polymerization centers at time t. Equation (9.33) can 
be applied for the stationary state to find DP, Since at the stationary state, Rp and R; are both 
constant, Eq. (9.33) can be written as 


ails ye + (9.34) 


In Eq. (9.34), the contribution to the integrals from the transition zone has been ignored for 
simplicity. For long durations of time, the second term in right side of Eq. (9.33) tends to zero, 
and the equation reduces to 


LDP ao = Riel Rees (9.35) 


Coordination Addition Polymerization 515 


In order to evaluate DP,,, the termination and transfer processes must be known. In the case of 
propylene, for example, these can be described by Eqs. (9.9)—(9.12). The corresponding rates are 
given by 


Transfer to monomer: Rim = kirm[C*][M] (9.36) 
Transfer to AIEt3: Rra = Kira [C*][A] (9.37) 
Spontaneous transfer: Rọ = ks[C*] (9.38) 


This equation has been confirmed experimentally (Natta and Pasquon, 1959). A transfer agent like 
Hz is often added to reduce the polymer molecular weight. 

The polymers obtained by Ziegler-Natta polymerization generally have very wide molecular 
weight distributions, e.g., PDI (= M,,/M,) is 5—20 for polyethylene and 5-15 for polypropylene. 
While the cause of the wide dispersity is not clearly known, some workers believe that the prop- 
agation reaction becomes diffusion controlled after a few percent conversion contributing to the 
large dispersity and some other workers believe that the rate constants are dependent upon the 
molecular size. 


9.5 Supported Metal Oxide Catalysts 


Metal oxides supported on finely divided inert materials have been useful for polymerization of 
ethylene and other vinyl monomers. The mechanism is presumably similar to that of heteroge- 
neous Ziegler-Natta polymerization with initiation occurring at active sites on the catalyst surface 
(Boor, 1979). Unlike the traditional Ziegler-Natta catalyst which are two-component systems, 
the supported metal-oxide catalysts are usually one-component systems. Chromium, vanadium, 
molybdenum, nickel, cobalt, niobium, tantalum, tungsten, and titanium are among the metals that 
have been investigated for these catalysts. Materials typically used as supports include alumina, 
silica, and charcoal. 

The most active catalyst is chromium oxide (Tait and Watkins, 1989) with silica (SiO2) or alu- 
minosilicates (mixed SiO2/Al203) used as the support material, often modified with titania (TiO2). 
The chromium oxide (Cr‘'O3) catalyst is referred to as Phillips catalyst. The best known among 
other metal oxide catalysts is the molybdenum oxide (Mo¥!O3) catalyst, originally developed at 
Standard Oil of Indiana. The catalysts are prepared by one of two methods — impregnation and 
coprecipitation. 

Much of the high-density polyethylene is manufactured by ethylene polymerization with sup- 
ported metal oxide catalysts. The supported metal oxides, however, are not as active as Ziegler- 
Natta catalysts and they do not generate a high degree of stereoregularity. Thus propylene forms 
partially crystalline polymer and higher 1-alkenes give only amorphous product. 


9.5.1 Polymerization Mechanism 


The mechanism of polymerization on one-component metal oxide catalysts seems to differ from 
that on traditional Ziegler-Natta two-component catalysts only in the initiation stage, while the 
mechanism of continued propagation of polymer chain in the two cases has many common fea- 
tures. The details of initiation mechanism are not precisely understood. It is, however, recognized 
that the reaction is a surface catalyzed process which requires the monomer to be adsorbed onto 
the catalyst surface. It is proposed that initiation involves the formation of a metal-carbon o-bond, 
which is followed, consecutively, by coordination of an incoming monomer molecule and insertion 
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Figure 9.7 Bound-ion-radical mechanism for polymerization on a catalyst surface : (a) adsorbed monomer; 
(b) initiation; (c), (d) etc. propagation. (After Friedlander and Oita, 1957.) 


into the metal-carbon bond. In general, two mechanisms have been proposed to explain polymer- 
ization with precipitated catalysts: (a) the bound-ion-radical mechanism and (b) the bound-ion- 
coordinate mechanism. The bound-ion-radical mechanism postulates that chain growth occurs in 
a chemisorbed layer of monomer molecules after initiation by radicals or ion-radicals bound to the 
surface of the catalyst, while in the coordinate mechanism, chain growth is assumed to take place 
from a complex ionic center in the catalyst. 


9.5.1.1 Bound-Ion-Radical Mechanism 


According to this mechanism, the catalyst adsorbs monomer on its surface [Fig. 9.7(a)] and ini- 
tiation occurs when an adsorbed monomer is polarized by some species on the catalyst surface 
converting it to an ion (or a radical or an ion-radical pair) bound to the surface [Fig. 9.7(b)]. Prop- 
agation takes place along the surface [Fig. 9.7(c)] and the polymer chain is eventually terminated 
and desorbed from the surface, being replaced by fresh monomer. The chain termination may be 
caused by transfer with monomer or spontaneous transfer or detachment from the surface. The 
molecular regularity of the polymer formed depends on the surface layer line-up of the adsorbed 
monomer molecules. 
In bound-ion-radical mechanism for ethylene polymerization, initiation can occur either through 

a chemisorbed ethylene molecule or a chemisorbed hydrogen atom. With chemisorbed ethylene 
as initiator, polymerization occurs simultaneously at two sites and the growing polymer, which 
is attached at each end (Fig. 9.7), is converted to a single attachment by transfer or termination 
at one of the ends. With adsorbed hydrogen as initiator, the initiation is caused by an adsorbed 
hydrogen atom attaching to a neighboring adsorbed ethylene, following which propagation occurs 
in the adsorbed layer, with the growing chain adding as an ion-radical to a neighboring adsorbed 
ethylene molecule (Fig. 9.8). Chain transfer occurs by the shift of a hydrogen atom to a neighbor- 
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Figure 9.8 Ethylene polymerization in adsorbed layer by adsorbed hydrogen initiation. (After Friedlander, 
1959.) 


ing adsorbed monomer or spontaneously to a vacant surface site, while chain termination (in the 
absence of poisons) occurs only by reaction with a chemisorbed hydrogen which frees a dual site 
for readsorption of ethylene. 


Problem 9.11 — Metal-oxide catalyzed polymerization of ethylene was carried out in benzene solution in a 
stirred autoclave with a suspension of hydrogen-reduced molybdena-alumina catalyst (Friedlander and Oita, 
1957). The pressure was maintained nearly constant by repressuring the autoclave with ethylene as it was 
consumed in the polymerization process. Temperatures of 200—275°C were studied. The ethylene concen- 
tration in solution was controlled by adjusting the pressure (in the range 625 to 1000 psi) at any particular 
temperature. The ethylene uptake rate (rate of pressure drop, dP/dt) was measured as a function of the cata- 
lyst amount (Weat) and ethylene concentration in solution (calculated from ethylene partial pressure) [C2H4]s 
at different tmperatures. The experimental data plotted as (dP/dt)/(Weat [C2H4]s) vs. [C2H4]s produce good 
fit to straight lines whose slopes decrease at higher temperatures. Further, at higher temperatures, the plot of 
(dP/dt)/Weat VS. [C2H4]; fits to straight lines passing through the origin. 


Derive suitable expressions to explain the aforesaid experimental results, considering that the polymer- 
ization takes place in an adsorbed layer of ethylene with initiation by adsorbed hydrogen and transfer and 
termination processes as illustrated in Fig. 9.8. 
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Answer: 


Since chemisorbed ethylene disappears by initiation reaction with adsorbed hydrogen, propagation reaction 
with surface-bound polymer chain, and polymer chain transfer with monomer (Fig. 9.8), one may write 
(Friedlander and Oita, 1957): 


dP/dt = ki[C2H4]a [H]a + (kp + kim) [C2H4]a > [Polymer]. (P9.11.1) 


where [C2H4]a is the concentration of ethylene in the adsorbed layer, [H], is the concentration of adsorbed 
hydrogen, and >)[Polymer], that of all growing chains (bound to the surface). Under steady-state conditions, 
the growing chains arise in initiation and disappear by spontaneous transfer and termination. Thus at steady 
state, 


ki [H]a[C2H4]a = (ks + ki[H]a) ))[Polymer]a 
or 


DilPolymer]a = ki H]a [C2H4]a/(ks + ki (Ha) (P9.11.2) 


Substituting in Eq. (P9.11.1), 


dP/dt = k;[CoHalalHla {1 + (kp + Kin) [CoHalo} (P9.11.3) 
ks +k [H]a 
At low concentrations of ethylene, 
[C2H4]a = Ke[S}][C2H4]s (P9.11.4) 


where Kg is the Langmuir adsorption equilibrium constant, [C2H4]s is the equilibrium concentration of ethy- 
lene in solution, and [S ] is the concentration of active dual sites (at which ethylene can be adsorbed with 
two-point adsorption). [C2H4]s, in turn, is related to the partial pressure of ethylene, pg, in the gas phase by 


[C2H4]s = Ks DE (P9.11.5) 


where Ky is the equilibrium constant for saturation. 


Substitution of Eq. (P9.11.4) into Eq. (P9.11.3) yields 


GEM pias (kp + kein Ke[S3] 
IGE], = Kelsin fi seam ea TF (cats (P9.11.6) 
which simplifies to 
(dP/dt) 
SIGH, 7 uH + BIC2Hals P9.11.7 
[S$] [C2H4]s Eki[H]a + B[C2H4] ( ) 


where B is a complex function of the various equilibrium and rate constants. Since [Sž] is proportional to the 
weight of the solid catalyst, a plot of (dP/dt) /(Weat [C2H4]s) vs. [C2H4]s should yield a straight line at each 
temperature, as observed experimentally. Since termination and spontaneous transfer become more important 
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at higher temperatures, the value of the slope B would decrease at higher temperatures and if B is small, Eq. 
(P9.11.7) would simplify to 


(dP/dt) 
[S 


= Kekil[H]a [C2H4]s (P9.11.8) 


Thus, a plot of (dP/dt) /Weat vs. [C2H4]s at higher temperatures should fit straight lines passing through 
the origin, as observed experimentally. 


Note: If ethylene initiation is considered, instead of hydrogen initiation, the growing polymer is attached 
at both the ends and is converted to a single attachment by transfer or termination at one of the ends. The 
equations describing polymerization take exactly the same form as in the case of initiation by hydrogen but 
are complicated by extra terms dealing with interconversion of the polymer growing from one or both ends. 


Problem 9.12 Derive an expression for the average degree of polymerization corresponding to the reaction 
scheme assumed in Problem 9.11. Predict from this relation how the molecular weight of the polymer would 
be affected by (a) increased amount of catalyst, (b) increased amount of hydrogen adsorbed on the catalyst, 
(c) increased ethylene concentration, and (d) increased temperature. 


Answer: 


The average degree of polymerization is determined as the sum of all the chain growth reactions divided by 
all the chain transfer and termination reactions (Friedlander and Oita, 1957) : 


DP, Š kp [C2H4]a Zn Polymer]a (9.12.1) 


(kinm [CoH4]a + ks + ki[H]a) Zn[Polymer]a 


The sum of the growing polymer chains },„[Polymer]4 cancels out, and the reciprocal of the simplified 
DP, becomes 
1 n ks + ki [Ala 


An te kost (P9.12.2) 
DPn kem”  kp[C2H4]a 


Substituting Eq. (P9.11.4) into Eq. (P9.12.2), one obtains 


L Km | k+kMHa 


a M po u A (P9.12.3 
DP, kp skp Ke [SS ][CaHa]s ) 


Thus the molecular weight should increase slightly with the increased amount of catalyst or increased 
ethylene concentration, and decrease with an increase in hydrogen adsorbed on the catalyst. (These predic- 
tions are in accord with the experimental observation.) 


Because kp and [C2H4]s are much larger than ks and k: [H]a, especially at lower temperatures, Eq. 
(P9.12.3) simplifies (Friedlander and Oita, 1957) to 


1/DPn = kim /kp (P9.12.4) 


Expressing the rate constants in the Arrhenius form, 


1 AirM |= - SuM] 
= exp 


~ RT 


= P9.12.5 
DP, Ap ( ) 


The energy of activation for transfer with monomer, Esm, would ordinarily be greater than the energy of 
activation for propagation, Ep; so the molecular weight should decrease with increasing temperature. 
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Figure 9.9 The process of chain growth in bound-ion-coordination mechanism for polymerization on a 
catalyst surface with the growth taking place from a single active site and the monomer being supplied from 
the liquid phase. Consecutive propagation steps are represented in (a), (b), and (c). (After Natta, 1955.) 


9.5.1.2 Bound-Ion-Coordination Mechanism 


The chain growth by this mechanism is shown schematically in Fig. 9.9. The reaction is considered 
anionic because the negative end of the olefin coordinates with an organometallic complex in the 
surface. Olefin molecules are inserted between the metal ion and the alkyl chain in the complex 
one at a time, extending the chain by two carbon atoms. The mechanism has the advantage that 
the ion pair never becomes widely separated. Addition at an electron-deficient bond between the 
metals in an organo-metallic complex has also been proposed. In either case, the addition of a 
monomer molecule held in a fixed orientation at the instant of reaction is the most importat step 
as it decides the stereospecificity of the polymer. Moreover, since the orientation of the monomer 
molecules can greatly reduce the activation energy necessary for the propagation step, a high rate 
of reaction would be expected. 
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Figure 9.10 The surface-coordinate mechanism of chain growth applied to a surface consisting of three 
points of contact. (After Friedlander and Resnick, 1958.) 


Problem 9.13 The coordinate and bound-ion-radical mechanisms, although apparently quite dissimilar, 
have many features in common. If, in the bound-radical hypothesis, the surface involved decreases to the 
limiting case of three points of contact, the two mechanisms would appear to be quite similar (Friedlander, 
1959). Explain this similarity by applying the idea of growth on the surface (used in the bound-radical 
hypothesis) to the coordinate mechanism, considering a surface with only three points of contact. 

Answer: 

The scheme is illustrated in Fig. 9.10. The growing polymer molecule is in the form of an organometallic 
compound at position 1, and adsorbed next to it at positions 2 and 3 is an olefin molecule. The growing end 
of the polymer is transferred to the olefin molecule giving a new organometallic compound in position 3. The 
adsorption of a new olefin molecule in the free positions 1 and 2, followed by transfer of the organometallic 
compound back from 3 to 1 in a manner similar to the original olefin addition step, then gives an organometal- 
lic compound in the original position but two monomer units longer. This increase can continue back and 
forth along that portion of the surface that has the proper geometry. Similarity between the surface-coordinate 
mechanism shown in Fig. 9.10 and the coordinate mechanism shown in Fig. 9.9 is easily seen. 


9.6 Ziegler-Natta Copolymerization 


Random copolymers of ethylene and a-olefins (1-alkenes) can be obtained with Ziegler-Natta cat- 
alysts, the most important being those of ethylene and 1-butene (LLDPE) and of ethylene and 
propylene (EPM or EPR and EPDM). Some reactivity ratios are listed in Table 9.5. Tha ratios 
vary with the nature and physical state of the catalyst and in most instances, 7172 is close to unity. 
However, all these values show that ethylene is much more reactive than higher alkenes. Copoly- 
mers produced using Ziegler-Natta catalysts usually have a wide range of compositions. This may 
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Table 9.5 Some Values of Reactivity Ratios (r) in Ziegler-Natta Copolymerization 


Monomer 1 Monomer 2 Catalyst" Reaction type? ri r2 
Ethylene Propylene = TiC]3/AIR3 H 15.7 0.11 
TiCl4/AIR3 C 33.4 0.03 
VCl;/AIR3 H 5.6 0.14 
VCl4/AIR3 C 7.1 0.09 
Ethylene 1-Butene VCl;/AIR3 H 27.0 0.04 
VCl4/AIR3 C 29.6 0.02 
Propylene 1-Butene VCl3/AIR3 H 40 0.25 
VCly/AIR3 C 4.3 0.23 


aR = C6H13; bH = heterogeneous; C = colloidal. 
Source: Boor, Jr., 1979. 


be due to the presence of different active sites in the catalyst giving rise to different reactivity 
ratios, or due to encapsulation of active sites contributing to fall in activity. 

More homogeneous copolymer compositions are obtained with soluble Zieg-ler-Natta cata- 
lysts, especially where monomer compositions are maintained relatively constant during polymer- 
ization. Commercially important ethylene-propyl-ene binary copolymers (EPM rubbers) and 
ethylene-propylene-diene ternary copolymers (EPDM rubbers) are made by this process. 

Ziegler-Natta catalysts have been used to prepare a number of block copolymers, though in 
most cases these are mixed with significant amounts of homopolymers. The Ziegler-Natta method 
is clearly inferior to anionic polymerization for preparing block copolymers of controlled com- 
positions. Nevertheless, block co-polymers of ethylene and propylene (Polyallomers), which are 
high-impact plastics exhibiting crystallinity characteristics of both isotactic polypropylene and 
linear polyethylene, have been made by this process as a commercial product. 


9.7 Metallocene-Based Ziegler-Natta Catalysts 


Ziegler-Natta catalysts are mostly heterogeneous and function in a ternary gas-polymer-catalyst or 
liquid-polymer-catalyst system. The first homogeneous Ziegler-Natta catalyst was discovered in 
1957 (Breslow and Newburg, 1957; Natta et al., 1957). The catalyst, bis(cyclopentadienyl)titanium 
dichloride (Cp2TiCl2, Cp = 7°-cyclopentadieny]) activated with alkylaluminum chloride (AIR2C1) 
exhibited a low polymerization activity for ethylene (~10* g polyethylene/mol Ti-h-atm) and none 
for propylene. It was found later that small amounts of water increased significantly the activ- 
ity of the catalyst as the reaction between water and aluminum alkyls resulted in the formation 
of aluminoxanes. In 1980 Kaminsky and coworkers (Sinn and Kaminsky, 1980) used oligomeric 
methylaluminoxane (MAO) with Group IVB metallocene compounds to obtain ethylene poly- 
merization catalysts having extremely high activities. For instance, a polyethylene productivity 
of 9.3x10° g polyethylene/mol Ti-h-atm was obtained with Cp2TiCl/MAO at 20°C and 
9x10’ g polyethylene/mol Zr-h-atm with Cp2ZrCl,/MAO at 70°C. However, these catalysts 
were nonstereospecific and produced only atactic polypropylene. 

In the early 1980s Brintzinger and coworkers (Wild et al., 1982; 1985; Huang and Rempel, 
1995) synthesized racemic ethylene-bridged bis (indenyl) zirconium dichloride, Et(Ind)2ZrClz, 
and racemic ethylene-bridged bis(4,5,6,7-tetrahydro-indeny])zirconium dichloride, Et(HuInd)2ZrCly, 
as well as their titanium analogues, Et(Ind)2TiCly and Et(HuInd)2TiCl2, which have both meso and 
racemic configurations. The Et(Ind)2ZrCly and Et(H4Ind)2ZrCl, catalysts, activated with MAO, 
catalyzed the stereospecific polymerization of propylene showing high productivities. It was the 
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first time that the isotactic polyolefins were made by homogeneous Ziegler-Natta polymerization 
(Huang and Rempel, 1995). This discovery was highly significant as it demonstrated the ability 
of chiral ansa-indeny] ligands (Latin ansa, a handle) to exert stereochemical control on migratory 
insertion of a vinyl monomer, in contrast to the meso-Et(Ind)2TiClz/MAO system, which, as ex- 
pected, produced only atactic polypropylene. A large group of ansa-metallocene compounds were 
developed subsequently, each possessing unique catalytic activity and stereospecificity. These 
homogeneous metallocene-based catalysts have theoretical significance with regard to studies of 
Ziegler-Natta polymerization because the polymerization processes in homogeneous systems, of- 
ten being more simple, lend to greatly simplified kinetic and mechanistic analyses. 

The metallocene catalysts have been under development for nearly 25 years and a breakthrough 
has been achieved for a technical realization of these catalyst systems, culminating in the an- 
nouncement of “single-site” catalysts (SSC) by different companies. These catalysts permit olefins 
to react only at single sites on the catalyst molecules with unprecedented control over reactivity 
and so are being used to produce tailor-made high performance polyolefins. Metallocene catalysts 
also have opened up possibilities to create novel polymers that have never been produced by con- 
ventional Ziegler-Natta catalysts. One such example is the development of hybrid thermoplastic 
polyolefins having almost any combination of stiffness and impact behavior (Guyot, 1993). 


9.7.1 Catalyst Composition 


The precursor of homogeneous Ziegler-Natta catalyst systems is the Group IVB transition met- 
allocenes (titanocenes, zirconocenes, and hafnocenes) that are characterized by two bulky cy- 
clopentadienyl (Cp) or substituted cyclopentadienyl (Cp’) ligands. Figure 9.11 shows two such 
simple metallocenes which have Cu symmetry (the two Cp rings in the molecules are not paral- 
lel). The molecular structures of the two famous Brintzinger catalysts (chiral ansa-metallocenes), 
Et(Ind)2ZrCly and Et(H4Ind)2ZrClo, having indeny] (Ind) and tetrahydroindenyl (H4Ind) ligands 
arranged in a chiral way and connected together with chemical bonds by ethylene (Et) bridging 
groups, are depicted in Fig. 9.12. Since the discovery of the effectiveness of these catalysts, a 
large number of ansa-metallocenes have been synthesized (Huang and Rempel, 1995) by chang- 
ing the transition metals (Ti, Zr, or Hf) and substituents on the Cp rings, as well as the bridging 
groups. Among a wide variety of Cp ligands investigated, the most commonly used are methylcy- 
clopentadienyl (MeCp), pentamethylcyclopentadienyl (MesCp), indenyl (Ind), tetrahydroindenyl 
(H4Ind), and fluoreny] (Flu) ligands, while the commonly used bridging groups are ethylene (Et, — 
CH2CH)?-), dimethylsilene [Me2Si, (CH3)2Si=], isopropylidene [i-Pr, (CH3)2C=], and ethylidene 
(CH3CH=). 

The steric interaction of the Cp type ligands (surrounding the active metal center) with in- 
coming monomer provides a controlling influence on the stereospecificity of polymers made with 
metallocene catalysts. Consequently, a change in the steric structure of these ligands leads to 
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Figure 9.12 Structures of two Brintzinger cata- 
lysts. (Wild et al., 1985.) 


Et(Ind),ZrCl, 
CH; 
CER | je 
Linear yl O — Al — 0O —Al \ 
CH, CH, 


n=4-20 x Í 
Figure 9.13 Possible structures of 
o 2 MAO. (After Kaminsky et al., 1983.) 


changes in steric structures of polyolefin products produced on them. The bridging group pro- 
vides a stereorigid conformation for the catalyst. It moreover determines the distance between the 
transition metal atom and the Cp ligands as also the bending angle, thereby influencing the cata- 
lyst activity and stereospecificity (i.e., whether isotactic, syndiotactic, or atactic). The stereorigid 
metallocene (catalyst precursor) can thus be tailored to obtain a desired type of stereospecificity. 


While Group IVB transition metallocenes are the main component of homogeneous Ziegler- 
Natta catalyst systems, the most important cocatalyst which activates them is MAO. Before the 
discovery of MAO, alkylaluminum chloride was used to activate the homogeneous Ziegler-Natta 
catalyst Cp2TiCl2, but the activity of the resulting catalyst was poor. The use of MAO cocata- 
lyst, however, increased the catalyst activity by several orders of magnitude. MAO is formed by 
hydrolysis of trimethylaluminum (TMA). Early workers employed hydrated inorganic salts, such 
as Al (S0O4)3.18H20, as the water source. However, commercial producers of MAO add water 
directly, either by use of moist nitrogen or a marginally wet aromatic solvent (Kaminsky et al., 
1983). 


MAO is an oligomer with 6-20 [-O—Al(Me)-] repeat units (Huang and Rempel, 1995). A 
higher degree of oligomerization of MAO is known to have a beneficial effect on the catalyst 
activity. The structure of MAO is not known precisely. While earlier research suggested that 
MAO might exist in a linear and/or cyclic form (Fig. 9.13), later investigations indicated that 
there appears to be no logical structure for MAO with n > 4, in which all Al atoms simultaneously 
possess a coordination of 4. A possible structure with a coordination number of 4 is shown in Fig. 
9.14 (Sugano et al., 1993). 
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9.7.2 The Active Center 


The active species in metallocene-MAO systems are believed to be metallocene alkyl cations, 
i.e., cationic d? 14-electron complexes of the type [Cp2M(R)]* (M = Ti, Zr, Hf). As shown 
below, the formation of the catalytically active complex involves a series of reactions between 
metallocenes and MAO (Kaminsky et al., 1992). In the case of halogen-containing metallocenes, 
a rapid alkylation of metallocene by MAO takes place first, and a methyl transfer reaction between 
the resulting metallocene alkyls and MAO then generates the active species. Thus, the first step in 
the reactions after the metallocene Cp2ZrClo is mixed with MAO is the alkylation of the former 
via complexation (Huang and Rempel, 1995): 


Cp, Zr (CH3) CI + Al p (CH3)n-7 On Cl—= Cp, Zr (CH3) Cl [ Aln (CH3) n-7 -On CL] 
A further alkylation then leads to the formation of Cp2Z1(CHs3)2 : 
Cp2Z1r(CH3)Cl + MAO —> Cp2Zr(CH3)2 + [Al,(CH3)n-1-O,CH 


The alkylated metallocene, Cp2Zr(CH3)2, again reacts (Huang and Rempel, 1995) with MAO, 
forming a compound (A) that features the structural element Zr-O-A1: 


n 
AlI—CH, o 
Al—CH 
O 3 
N Z os x 
Al / Al(CH;) 
N O, CH, 3)3 
CH, oP CH, 
Co + => PR ¢ A AN —> + | 
p - Få / F CH, c o— Al 
T / ri p 
Zr DK S 
Cp Zr n 
CH, CH; S \ 


Cp CH; (A) 


Compound A is believed to be the active species in the metallocene/MAO systems. Since the 
Zr—-O bond has a polar character and could be ionic in nature, compound A possibly exists in two 
different states (Huang and Rempel, 1995) that are in equilibrium: 
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The metallocene alkyl cation [Cp2Zr(R)]* formed might be the true active center. 

Under proper conditions, a homogeneous catalyst can be made as a “single-site” catalyst that 
has only a single type of active center in a homogeneous system. With such “single-site” stere- 
ospecific catalyst, polymers with sharp melting transitions (Tm) and markedly narrow molecular 
weight distribution (M,,/M,, < 2) can be produced (Chien and Tsai, 1993). 


9.7.3. Polymerization Mechanism 


There is now a good understanding of the role played by the active species in the polymerization 
of a-olefins by homogeneous Ziegler-Natta catalysis. An olefin being a weak base, the cationic 
metallocene alkyls have a strong tendency to coordinate with olefin molecules and once an olefin 
molecule coordinates to the metallocene alkyl, it can be readily inserted into the alkyl-metal bond 
as the energy gained in the transformation of M—R and M-(C=C) bonds into M-C and C-R bonds 
(M = Ti, Zr, or Hf; R = alkyl, C=C is olefin) provides the necessary driving force. As a result of 
the insertion, a new d? alkyl complex is formed which can coordinate and then insert another olefin 
molecule. Repetition of this cycle a large number of times leads finally to a polymer. Figure 9.15 
shows such an insertion mechanism (Kaminsky and Steiger, 1988) for ethylene polymerization 
with Cp2ZrClo/MAO. 

A monometallic mechanism was proposed by Corradini and Guerra (1991) in which the active 
center is a metal-carbon bond and the propagation consists of two stages : the coordination of the 
olefin to the active site, followed by insertion into the metal-carbon bond through a cis opening. 
The active species in this model is the cationic CpMR* complex. In addition to aromatic Cp 
ligands of the precursor metallocenes, an incoming monomer molecule and a growing polymer 
chain are also coordinated to the metal in the stage preceding monomer insertion. 


9.7.4 Kinetic Models 
9.7.4.1 Ewen’s Model 


Ewen’s model (Ewen, 1984) was the first kinetic model for propagation in homogeneous sys- 
tems. This scheme, shown in Fig. 9.16 for the polymerization of propylene with Cp2Ti(IV), is 
representative for polymerizations with Group IVB metallocenes and is analogous to the mecha- 
nism postulated for ethylene polymerizations with titanocene derivatives and AlC2HsCly (Laulier 
and Hoffman, 1976). Species (1) and (4) in the scheme represent coordinatively unsaturated 
Ti([V) complexes that are formally d? 16-electron pseudotetrahedral species; species (2) repre- 
sents the interacting catalyst/cocatalyst combination, while intermediate species (3) is shown with 
the monomer coordinated at an a; molecular orbital with the three non-Cp ligands and the transi- 
tion metal occupying a common equatorial plane. The growing chain is held between two lateral 
coordination sites accommodating an unidentified non-Cp anion (R’) and the monomer. 

Under pseudo-first-order conditions, the rate of polymerization of propylene can be expressed 
(Huang and Rempel, 1995) as 


Rp = kos[M][Mr][C] (9.39) 
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Figure 9.15 Kaminsky’s model for ethylene polymerization. (Kaminsky and Steiger, 1988.) 


where koss = kpKcKm/(1 + Km[M] + Kc[C]) 
and KĮ[M] + Kc[C] « 1 


The terms k and K in the above equations represent, respectively, the rate constant and the equilib- 
rium constant. 

Ewen’s model can explain the experimental results that show polymerization rates vary linearly 
with the product of the monomer [M], metallocene [Mr], and aluminoxane concentrations [C] at 
low monomer conversions with [Al] over a certain range. At constant [M], [Mr], [C], and temper- 
ature, the experimental results (Ewen, 1984) show a linear relationship between polymerization 
rate and polymerization time (t) according to equation 


[N] = [C*] + ky [C*]t (9.40) 


where [N] represents the number of polymer chains produced per Ti center with the assumption of 
one chain per active center, [C*] represents the fraction of Ti present as active propagation centers, 
and kr is the sum of pseudo-first-order rate constants for chain transfer. 


9.7.4.2 Chien’s Model 


Chien’s kinetic model (Chien and Wang, 1990; Chien and Sugimito, 1991), unlike Ewen’s model 
described above, is for the systems in which more than one active species is present. The model 
assumes the presence of different types of active center, chain transfer to MAO, chain transfer by 8- 
H elimination (see p. 530), and first-order deactivation reactions for active centers. Chien applied 
the model in the study of ethylene polymerization with Cp2ZrClo/MAO catalyst and propylene 
polymerization with Et(Ind)2ZrClo/MAO and Et(HaInd)2ZrClz/MAO catalysts. 
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C = [-Al(CH;)-O-], R |s 


Figure 9.16 Ewen’s kinetic model. (Ewen, 1984.) 


For a system with i types of active centers, the polymerization rate of the ith species is 
Rpi = kp;ilC}][M] (9.41) 


where kp; and [C}] are the propagation rate constant and the concentration of the ith active species, 
respectively. The overall rate of polymerization is obtained by summing Eq. (9.41): 


= kp ilC*IIM] (9.42) 
i 
or, if [C*] cannot be determined, 
Rp = kp avg[C*][M] (9.43) 


where kp is the propagation rate constant and [C*] is the total concentration of active species. 
The total productivity P can be written as 


P = My kpi Ji [Chat (9.44) 


Assuming that the catalytic species deactivate according to first order kinetics, the total pro- 
ductivity at time ż is 


P(t) = [M] D1 kpi [C7] [1 - exp(—ka,it)] (9.45) 


where ky; is the deactivation rate constant. 

The value of [C*], can be taken to be equal to the initial metal-polymer bond concentration, 
[MPB],. The metal-polymer bond concentration at time t, [MPB];, can be related to the polymer- 
ization yield at time ¢, Y,, according to (Chien and Sugimoto, 1991): 


[MPB]; = [MPB], + KÄY, /kp[M (9.46) 
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Table 9.6 Rate Constants for Et(H4Ind)2ZrCl/MAO in Propylene 


Polymerization” 

[Al]/[Zr] ratio PP fraction kp (M-s)! k 7 (s) 

3500 T 970 0.015 
C7 1840 0.015 
C6 1370 0.026 
C5 80 0.003 
E 130 0.0078 

350 T 1480 0.047 
C7 2550 0.027 
C6 2590 0.041 
C5 97 0.0045 
E 275 0.0027 


[Zr] = 1.0 uM, T, = 30°C, [C3H6] = 0.47 M (P, = 1.7 atm). 
T: total polymer; C5: n-pentane soluble, C6: n-hexane soluble, C7: n-heptane 
soluble, E: ether soluble fractions. 


Source: Chien and Sugimoto, 1991; Huang and Rempel, 1995. 


where kA! is the rate constant of chain transfer to MAO. Since [MPB] can be determined by the 
tritium radiolabelling method (by reacting the polymerization mixture with CH30°H), [MPB]; can 
be plotted against Y, and extrapolated to Y, = 0 to obtain [MPB], = [C*]. However, if the polymers 
produced with ith active species can be separated from others (for example, by solvent extraction 
(Herwig and Kaminsky, 1983)), [C*], can also be determined from the [MPB]-Y plot for the ith 
fraction. The propagation rate constants kp; and kp,avg can be calculated according to Eqs. (9.41) 
and (9.43). In addition, kA! values can be obtained from the slope of the [MPB]-Y plots. Some 
rate constant values for propylene polymerization with Et(H4Ind)2ZrCl2/MAO systems, reported 
by Chien (Chien and Sugimoto, 1991), are listed in Table 9.6. 


Problem 9.14 Besides chain transfer to MAO, the chain transfer by 8-H elimination (see Section 9.7.4.3) 
is another main termination process in Chien’s model for polymerization with metallocene/MAO catalysts. 
Show how the rate constant E) of chain transfer by 6-H elimination can be calculated from the polymer 
molecular weight data. 


Answer: 
The rates of chain transfer to MAO (RA!) and chain transfer by 8-H elimination (RÊ) are expressed as : 


RAI = KAITC*][MAO] and RẸ = K IC* 


The number-average degree of polymerization is 


pp, - Œ kp[C*][M] As eds a ed 1 
"O ERr  KA[C*][MAO] +}C*] DP, kp M] 


The values of kp and kal having been determined via the [MPB]-Y plot, the value of K. can be obtained from 
the slope of (1/DP,,) — (1/[M]) plot. 


According to the data in Table 9.6, it was suggested (Chien and Sugimoto, 1991) that the 
system Et(H4Ind)2ZrClz/MAO has two types of active species (I and II), species I producing 
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Table 9.7 Fraction of Active Zr in Et(H4Ind)7ZrCl>/MAO“? 
[C*] (mol/mol Zr) 


[Al]/[Zr] ratio T E C5 C6 C7 
3,500 0.66 0.15 0.16 0.07 0.28 
350 0.13 0.07 0.017 0.01 0.053 


“[Zr] = 1.0 uM, T, = 30°C, [C3H6] = 0.47 M (P, = 1.7 atm). 
T: total polymer; C5: n-pentane soluble, C6: n-hexane soluble, C7: n-heptane 
soluble, E: ether soluble fractions. 


Source: Chien and Sugimoto, 1991. 


n-hexane and n-heptane soluble fractions and species II producing n-pentane and ether-soluble 
fractions. The two types of active species coexist in about equal amounts (see Table 9.7); one 
has higher selectivity, 10-20 times greater rate constant of propagation, and a factor of 5-15 times 
faster chain transfer to MAO than the second type of active species (see Table 9.6). Metallocene 
complexes with different states of coordination with MAO may be responsible for the various 
active species. 

Homogeneous metallocene-based catalyst systems have much simpler kinetics than heteroge- 
neous systems and represent the best systems for kinetic study of Ziegler-Natta polymerization. 
They also offer a good opportunity to study the durability and deactivation of the catalysts (Herwig 
and Kaminsky, 1983). 


9.7.4.3 Molecular Weight and Chain Transfer 


Unlike heterogeneous Ziegler-Natta catalysts, homogeneous matallocene catalysts often produce 
only low molecular weight polymers, especially in stereospecific polymerizations. The molecular 
weight is given by 

Mn = DPn-My = (Rp/ >) Rri)Mo (9.47) 


where M, is monomer molecular weight. Several types of transfer reactions which may occur in 
homogeneous systems terminating polymer chain growth are described below (Huang and Rempel, 
1995). 


-Hydrogen Elimination The metal center abstracts a H atom bonded to the 6-C of the growing 
polymer chain, forming an M-H bond (M = transition metal) and leaving a polymer with an 
unsaturated end group: 


Zr—CH,—-CH—ww ——> CH,= C—ww + Zr—H 


Chain Transfer by Monomer -Hydrogen elimination takes place simultaneously with monomer 
insertion at the active center without forming the M—H bond: 


CH, | 


CH=CH S | 
Zt—CH,—CH—ww Zr H 


CH, 


CH, 
— > CH= Cmww + Zt—CHy—CH)— CH, 
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Chain Transfer to MAO If MAOis used to activate catalyst, the growing polymer chain attached 
to an active center can exchange with the methyl group of a MAO molecule, forming the Al- 
terminated polymer chain and the M—CH3 bond in the active center: 


i O o 
Zr—CH,—CH—ww ——— Al—CH,—CH—ww + Zr—CH, 
+ 
E 
H 
N 
Po 


-CH3 Elimination This chain transfer mechanism has been discovered in the polymerization 
of propylene. The metal center abstracts a CH3 group, instead of a H atom, at the 6-carbon of the 
growing chain, thus forming a M—CH3 bond at the active center and leaving a polymer with an 
allylic end group (Resconi et al., 1992): 


CH, CH, CH, 
Zr—CH,—-CH—CH,—-CH—w ——> 71r—CH, + CH5=CH—CH,—CH—www 


Poor molecular weights of polymer products is a major drawback of metallocene-based poly- 
merization catalysts, limiting them from being fully exploited for practical applications. How- 
ever, technical breakthroughs have been achieved in that specially designed zirconocene catalysts 
(Spaleck et al., 1992) can produce polymers with molecular weights far above 100,000. 

A unique feature of polymer products obtained with homogeneous metallocene-based catalysts 
is their narrow molecular weight distribution (MWD). Thus the values of M,,/M,, for polyethylenes 
and polypropylenes are typically near 2 which would indicate the presence of uniform active 
species in catalysts. Some researchers have thus suggested that the catalysts could be “single 
site,’ while others have explained that two or more kinds of species can have very similar values 
for the kp/k;, ratio, giving rise to narrow MWD products. 


9.8 Immobilized Metallocene Catalysts 


Though metallocene/MAO systems exhibit high activities for olefin poymerization under homo- 
geneous conditions, the polymer formed (fluff) has a low bulk density and consists of very finely 
divided particles. By making the catalyst heterogeneous via immobilization on suitable carriers or 
supports, it is possible to increase the polymer bulk density. Immobilization of the homogeneous 
catalyst on a solid support is also required for adapting the metallocene technology to existing 
industrial processes. An added advantage of using the supported catalyst is that the extremely 
high atomic ratios of MAO to zirconium that are usually needed to obtain high activity in ho- 
mogeneous (solution) polymerization become unnecessary. For example, excellent activities are 
reported (Turner, 1987) for supported metallocene/MAO catalysts with Al/Zr atomic ratio less than 
100. This low MAO requirement has greatly facilitated the commercialization of metallocenes. 
The support commonly favored for heterogenizing metallocene/MAO catalysts is amorphous 
silica containing fairly high pore volume (> 1 cm?/g) and an average particle diameter of about 
50 um. As identified by IR and NMR spectroscopy (Garoff, 1993), there are three kinds of OH 


532 Chapter 9 


(A) a 


i r@) Da H 
i 


J- ý 


Figure 9.17 Surface hydroxyl groups on silica: (A) isolated groups; (B) hydrogen bonded groups; (C) 
geminated hydroxyl groups (from the same Si atom). (After Hindryckx et al., 1997.) 
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Figure 9.18 Schematic of the method of synthesis of a bridge-anchored ansa-metallocene. (The indeny]l 


rings are shown in pseudo-racemic orientation as the high isotacticity of polypropylene produced with the 
catalyst suggests a structural analogy to rac-Et(Ind)2ZrCly. (From Soga et al., 1994. With permission from 
John Wiley & Sons, Inc. ) 


groups on the silica surface, viz., isolated, hydrogen bonded, and geminated double hydroxyl 
groups (Fig. 9.17). In a reported work (Soga et al., 1994), bridged metallocenes are covalently 
bound to silica through reaction of the surface silanols with reactive carbon halide or silicon halide 
bonds on the ligand bridge. The synthesis of one such bridge-anchored ansa-metallocene is shown 
schematically in Fig. 9.18. Activities of catalysts based on such surface-bound precursors are 
reported (Soga et al., 1994) to be greatly superior to the homogeneous analogs. 

Besides silica, numerous other materials, including alumina, zeolites, clays, and organic poly- 
mers, have been used as supports for metallocene-based catalysts. In some cases, a covalent bond 
between metallocene and polymer support has been achieved through prior attachment of part of 
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Figure 9.19 Synthesis of a heterogeneous metallocene catalyst with immobilized MAO. (Adapted from 
Köppl et al., 2001.) 


the ligand to a polymeric substrate (Stork et al., 1999) and in others through incorporation of a 
pendent unsaturated group on the ligand into the growing polymer (Jung et al., 1997). 

In a different approach to heterogenization, supported MAO cocatalyst has been formed di- 
rectly by reacting MAO with functional groups on the silica surface (Janiak and Rieger, 1994). It 
is, however, difficult to attach all the aluminoxane in this way onto the carrier material. In an alter- 
native and significantly more effective procedure (Köppl et al., 2001), trimethylaluminum (TMA) 
is first attached to silica gel by heating the carrier material with TMA in an inert solvent such as 
toluene at 60°C until the gas (methane) evolution subsides. In this step, TMA (a strong Lewis 
acid) presumably blocks all surface Lewis basic centers of the carrier material to prevent them 
later from poisoning cationic metallocene polymerization centers (strong Lewis acids) and thus 
lead to higher productivities. The reaction mixture following TMA attachment is cooled down to 
40°C and a little amount of water is bubbled through it using a moist argon flow to produce a 
completely immobilized form of MAO. [Alternatively, using a direct method (Sinn et al., 1988), 
often preferred, a calculated amount of ice (H20:TMA mole ratio = 1:2) of -80°C may be added 
to the reaction mixture, cooled to —80°C, and stirred vigorously until the ice is crushed.] : 


Toluene 
Me3Al + Si02/H20 — Si02-MAO (9.48) 
—CH4 


Finally, a catalyst precursor (metallocene) is added to the mixture at room temperature, the 
amount being dependent on the desired Al:Zr ratio. The process is shown schematically in Fig. 
9.19. 

Cellulose, starch, and flour are excellently suited for immobilization of MAO because of the 
presence of OH groups as anchor points (Fig. 9.20). The arrangement of the OH groups on the 
surface possibly serves as a template for the formation of aluminoxane structures that exhibit ad- 
vantageous cocatalyst properties and the activities of the resulting supported catalysts are typically 
in the range of 270 kg polyethylene/g Zr-h (Köppl et al., 2001). 

In the new polymerization filling technique (PFT), Ziegler-Natta catalyst is attached onto the 
surface of an inorganic filler, so that olefin can be polymerized from the filler surface, thus allowing 
a very high filler loading to be reached in composites with improved mechanical properties 
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Figure 9.20 Reaction of trimethylaluminum with starch in toluene. (After K6ppl et al., 2001.) 


(Hindryckx et al., 1997). Various filler/coordination catalyst pairs have been used in PFT. One of 
the most active catalyst reported among them is CaSO4-MAO-Cp2ZrMez with a productivity of 
400 kg polyethylene/g Zr-h (Kaminsky et al., 1993). 


9.9 Oscillating Metallocene Catalysts 


The discovery of homogeneous Ziegler-Natta catalysts, in 1980s, based on metallocenes hav- 
ing bridged structures (see Fig. 9.12), opened up new and exciting possibiities to fine-tune the 
stereochemical structure of polymer products. As described previously (p. 523), chiral ansa- 
metallocenes produce isotactic polyolefins, whereas achiral meso isomers form atactic polyolefins. 
As discussed in Chapter 2, the stereochemistry of polymers strongly influences their proper- 
ties. Thus, isotactic polypropylene is a crytalline thermoplastic with a melting point of ~165°C, 
whereas atactic (stereorandom) polypropylene is an amorphous gum elastomer. On the other hand, 
polypropylene consisting of blocks of atactic and isotactic stereosequences is a rubbery material 
with properties of a thermoplastic elastomer. To produce such stereoblock polymers Coates and 
Waymouth (1995) prepared an unbridged metallocene bis(2-phenylindenyl)-zirconium dichloride, 
(2-PhInd)2ZrCl2, which was designed to isomerize between chiral rac-like (isospecific) and achi- 
ral meso-like (aspecific) geometries by rotation of the indeny] ligands about the metal-ligand bond 
axis during the course of polymerization in order to generate isotactic and atactic sequences in the 
same polymer chain (Fig. 9.21). In order to produce isotactic-atactic stereoblock polymers, it is, 
however, necessary that the rate of ligand rotation is slower than that of monomer insertion and 
yet faster than the time required to construct one polymer chain. This was achieved by having a 
phenyl substituent on the indene ligand to inhibit the rate of ligand rotation so that the catalyst can 
switch between isospecific and aspecific coordination geometries. 

The nonbridged metallocene (2-PhInd)2ZrCly was isolated in 82% yield from the reaction 
of 2-phenylindenyllithium and ZrCl4. In the presence of cocatalyst methylaluminoxane (MAO), 
the catalyst (2-PhInd)2ZrCly is active for oscillating stereopolymerization of propylene yielding 
stereoblock polymers (Coates and Waymouth, 1995) with an isotactic pentad content, [mmmm] 
(defined as fraction of stereosequences containing five adjacent isotactic stereocenters), ranging 
from 6.3 to 28.1%, molecular weight (M,,) in the range 2.4x10+*—8.9x10°, and the productivity of 
1.9x10°-17.3x10° g polymer per mole of Zr per hour. The MWDs are in the range of M,,/M, = 
1.5 to 2.8, which is characteristic of single-site homogeneous catalysts. 
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Figure 9.21 (a) Stereorigid ansa-metallocenes for the production of isotactic and atactic polymers. (b) Os- 
cillating metallocenes for the production of stereoblock copolymers. (Adapted from Coates and Waymouth, 
1995.) 


Both the productivity and stereoselectivity of the oscillating metallocene catalyst (2-PhInd)2 
ZrCl are strongly influenced by the nature of the cocatalyst and reaction conditions, such as 
temperature, pressure, and monomer concentration. Best performance of the catalyst has been 
obtained with MAO as the cocatalyst (Wilmes et al., 2002). Both the productivity and [mmmm] 
are found to increase with decreasing temperature or increasing pressure, with the other variable 
remaining constant. The effect of monomer concentration [M] on the tacticity of the polymer can 
be qualitatively predicted if it is assumed that the rate of monomer enchainment at both aspecific 
and isospecific sites is directly proportional to [M], whereas the catalyst isomerization (oscillation) 
rate is independent of [M] (Coates and Waymouth, 1995): 


Isotactic block size œ [mmmm] 
Isotactic enchainment rate 


Catalyst isomerization rate 


oc KpilM] (9.49) 
ki 


According to this model, the isotactic block length should increase with [M], and hence propylene 
pressure, as observed experimentally. 
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EXERCISES 


9.1 Account for the fact that atactic structures commonly predominate in free-radical polymerization in 
contrast to ionic and Ziegler-Natta polymerizations. 


9.2 Explain why it is possible to synthesize two diisotactic polymer structures but only one syndiotactic 
structure. 


9.3 What are the basic modes of addition of 1,3-dienes (CH? =CR-CH=CH)2) to a growing polymer chain ? 
How many stereochemical arrangements are possible for each mode ? 


9.4 Give plausible explanations for the fact that nonpolar alkenes generally require the use of heteroge- 
neous catalysts to produce isotactic polymers. What type of catalysts would be needed for isospecific 
polymerization of methacrylates, vinyl ethers, styrene, and 1,3-dienes ? 


9.5 In the build-up period of the decay-type Ziegler-Natta polymerization of propylene, the rates are found 
to be different when propylene is introduced after TiCl3 and AIEt3 are allowed to equilibrate from the 
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case when AIEt3 is added after the gas is introduced. The rates in the former case are given by the 
expression 


2 KIAIEts] 
1 + K[AIEt] 


where P is the propylene gas pressure. 


Rp = bP 


It is assumed that the following equilibrium exists in the former case : 
S + AlEt = S* 


where S represents an active site (i.e., a Ti atom) and S* a potential polymerization center. The con- 
centration of S* would be given by the Langmuir equation. On introduction of the gas, polymerization 
centers, C*, are formed. Show that a proper balance of C* yields the aforesaid equation. 


Consider now the case where propylene is introduced before AlEt3 is added. Then, all the reactions 
in Eqs. (P9.8.1)-(P9.8.3) would occur simultaneously. Derive the following rate expression for small 
extents of time 


Ro = kP[AIEt3]¢ 


where R, refers to the rate for small intervals of time, P is the propylene gas pressure, [AIEt3] is the 
concentration of AlEt3, and ż is the time of the reaction. 


For the measurement of polymerization rate of a gaseous monomer with a heterogeneous Ziegler-Natta 
catalyst, the catalyst may be mixed with a suitable solvent for the gaseous monomer, and the monomer 
supplied at constant pressure through a gas meter to the catalyst suspension. Any dependence of the 
rate of polymerization on the stirring speed would then indicate diffusion control of the propagation 
reaction. 


Using the above type of experimental set-up for propylene polymerization with TiCl3;-AlEt; in n- 
heptane, the rate of polymerization was measured [T. Keii, “Kinetics of Ziegler-Natta Polymerizations’”’, 
Halsted Press, New York, 1973] at different speeds of stirring and constant propylene pressure. The 
results obtained indicated that there were two different steady-state rate curves for the stirring speeds 
of 400 and 600 rpm. In each case, a steady bulk monomer concentration was reached in about 3- 
4 hours. Show how the overall process at steady state can be modeled to show dependence of the 
polymerization rate on stirring speed and to enable determination of both the mass transfer rate constant 
and polymerization rate constant from rate measurements at different stirring speeds. 


Hint : Defining [M], = monomer concentration at the gas-liquid interface, [M] = average concentration 
of monomer in solution, [cat] = concentration of catalyst, km = mass transfer constant (dependent 
on stirring speed), and kp = polymerization rate constant, the mass balance for the monomer gives 
d[M]/dt = km([M]o - [M]) —kp[cat][M]. At the steady state, d[M]/dt = 0. One may assume km > 
kp[cat] at very high stirring speeds and hence the rate of polymerization, Rp = kp[cat][M]o, while at 
low stirring speeds, km < kp[cat] so that Rp = km[M]o. 


Considering the reaction scheme of Problem 9.9, derive an expression for the rate of polymerization at 
steady state and show it can be used to evaluate the initiation rate constant k;. 


What predictions can be made from Eq. (P9.9.14) about the dependence of the number-average degree 
of polymerization on the various parameters ? 


Using Eq. (P9.9.9) for the rate of polymerization, derive the following Mayo-Walling equation for 
Ziegler-Natta polymerization 

dl KinM ah ks kir AKA 

DP, kp kpKmĪM] kpKMM] 
How would this equation be modified if polymerization is carried out in the presence of H used as a 
terminating agent ? 


Hydrogen is used as the chain length regulator in Ziegler-Natta polymerization. A proposed mechanism 
postulates that there exists a pre-established equilibrium of dissociative adsorption of hydrogen on TiCl3 
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9.12 


9.13 


9.14 


9.15 


catalyst surface as 

H2 > 2Hads 
It is this adsorbed hydrogen that participates in the following reaction : 

Cat-P + 2Has —> Cat-H + PH 
The Cat-H reacts with monomer molecules at a different rate in the following fashion : 

Cat-H + monomer — Cat—P 
Derive an expression for the rate of polymerization. 
Ethylene was polymerized [Schindler, A., J. Polym. Sci. Part C, 4, 81 (1963)] in n-heptane with a 
catalyst system consisting of diisobutylaluminum hydride (1.5 mmol/L) and titanium tetrachloride (2.5 
mmol/L). The catalyst components were reacted at these concentrations at 0°C and the mixture was 
then aged under a nitrogen blanket for 15 min. Ethylene was fed at 770 mm Hg pressure and the 
temperature of the catalyst suspension maintained at 40°C. It was found that the experimental data 
for the rate of polymerization could be represented best by assuming a mixed first and second-order 
dependence of the form 

Rp = Kppi(l + K'pe) a) 
where ppg is the ethylene pressure. 


Consider a generalized mechanism based on the following assumptions: (a) monomer is added 
to an organometallic compound forming a polymerization center, (b) chain growth proceeds thereafter 
through the addition of further units, and that the growth of an individual polymer chain can be termi- 
nated either (c) by a transfer reaction with the monomer or (d) by a spontaneous termination reaction 
involving the transfer of a hydride ion. Show that this reaction scheme leads to a rate expression similar 
to Eq. (D) if one considers the process (c) as a true transfer reaction and only (d) as a termination step. 


How would Eq. (I) be modified if the experiments were conducted with hydrogen addition ? 
A major problem in using expressions such as Eq. (P9.8.10) and Eq. (9.33) is the determination of the 


actual number of polymerization centers C*. Radioactive quenching techniques have been widely used. 
The quenching reaction with, for example, radioactive alcohol can be represented by the scheme 


LyMr...CH2P + ROH* — LyMrOR + H*CH2P 
where Ly represents the ligands surrounding the transition metal My and H* represents the radioactive 
tritium. 


Write an equation for calculating [C*] from the measured activity of the polymer yield. 


Name a few solid-support catalyst systems and the monomers for which they can be used. How is the 
stereoregularity achieved in these polymerizations ? 


Compare polymerizations with conventional Ziegler-Natta catalysts and metallocene-based Ziegler- 
Natta catalysts in respect of (a) reaction mechanism, (b) stereospecificity of polymer product, and (c) 
polymer molecular weight and distribution. 
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Chapter 10 
Ring-Opening Polymerization 


10.1 Introduction 


The four types of polymerizations described in the previous chapters can be grouped into two 
broad categories — condensation and olefin polymerizations. We introduce in this chapter a third 
category, the ring-opening polymerization (ROP) of cyclic compounds. Examples of commercially 
important polymers prepared by ROP are given in Table 10.1. Only the polyalkenylenes among 
them are composed solely of carbon chains, while the most popular among them are polyethers 
prepared from three-membered ring cyclic ethers (epoxides), polyamides from cyclic amides (lac- 
tams), polyesters from cyclic esters (lactones), and polysiloxanes from cyclic siloxanes. 

Cyclic compounds are potentially polymerizable as the difunctionality criterion for polymer- 
izability is achieved by a ring-opening process as shown below for ethylene oxide: 


2 Ol, —EcH,-CH,-0+; (10.1) 


Cyclic monomers should thus be able to polymerize provided a suitable mechanism for ring open- 
ing is available (kinetic feasibility). A more important consideration, however, is the thermo- 
dynamic feasibility of polymerization. ROP is thermodynamically favored if the corresponding 
free-energy change, AG = AH — TAS, is negative. Table 10.2, for example, lists some calculated 
values (Sawada, 1976) of heat (AH), entropy (AS), and free energy (AG) of polymerization of the 
liquid cycloalkanes to linear polymer at 25°C. The data show that AH, which is a fair indicator of 
the extent of ring strain (caused by either forcing the bonds between the ring atoms into angular 
distortion or by steric interaction of substituents on the ring atoms), makes the main contribution 
to AG for 3- and 4-membered rings. Thus the most reactive (i.e., thermodynamically least sta- 
ble) monomers are those containing 3- or 4-membered rings. The data in Table 10.2 further show 
that cyclohexane is the most resistant to polymerization, since AG is positive. For cyclopropane, 
cyclobutane, cyclopentane, cycloheptane, and cyclooctane, AG for polymerization is negative, in- 
dicating that the polymerization is feasible. However, thermodynamic feasibility does not always 
guarantee realization in practice and no high polymers of cyclopropane and cyclobutane are known 
(Sawada, 1976). 

Small changes in the physical conditions and chemical structure can have a large effect on the 
polymerizability of a cyclic monomer. Thus, whereas 5-membered cyclic ethers such as tetrahy- 
drofuran have negative free-energy change and so are polymerizable, the five-membered cyclic 
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Table 10.1 Polymers of Commercial Interest Prepared by Ring-Opening Polymerization 


type structure type 
Cycloalkene (CHL), I j --CH=CH(CH,),-+ Poly(alkenylene) 
Zos 
Trioxane çH, CE, -—-CH,O + Polyether 
O cu? 
Cycle ether? T -£(CH,), -O+ Polyether 
cw i 
Lactone (CH), | -E(CH,),, CO} Polyester 
(Cyclic ester) =o 
Lact c? (CH), CNH Polyamid 
actam | 7 olyamide 
(Cyclic amide) (CH). NH 
Aziridine A -ECH,CH,NH} Polyamine 
(Alkyleneimine) CH, CH, 
cH, 
Cyclic siloxane [Si (CH,))], SiO Polysiloxane 
CH (Silicone) 
ad a Í 
Hexachloro- Z p \ Cl 
pyetotiphos N N | Polyphosphazene 
phazene” a | ll cl EPEN yp^osp 
SP P Cl 
Cl Cl 
N E / 


a Epoxide(x=2); oxetane (x=3) 
b Phosphonitrilic chloride trimer 


Note: The ring opening polymerization of cycloalkenes resulting in polymers (polyalkenylenes) with a double bond 
in the repeating unit is referred to as ring-opening metathesis polymerization (ROMP) by analogy to the olefin metathesis 
reaction. The ROMP takes place in the presence of coordination initiators based on transition metals. The original initiators 
used for ROMP were two-component systems, composed of a halide or oxide of a transition metal such as W, Mo, Rh, or 
Ru with an alkylating agent (Lewis acid) such as R4Sn or RAICI2, which generate metal-alkylidenes (metal carbenes) in 
situ that act as the initiating and propagating species. 


esters (y-butyrolactone) have positive free-energy change and are not polymerizable. In marked 
contrast, 6-membered cyclic ethers do not polymerize while the corresponding cyclic esters do. 
For cyclic imides and anhydrides, on the other hand, both 5- and 6-membered rings are polymer- 
izable, while for cyclic ethers the reactivity in terms of ring size decreases in the order: 3 > 4 
>8>7>5 >06. Substitution in the ring tends to make the free-energy change more positive, 
thereby decreasing polymerizability. Thus, whereas tetrahydrofuran is polymerizable, 2-methyl 
tetrahydrofuran is not. 

Considering the thermodynamic relation given above, since AH and AS are negative for poly- 
merization, AG becomes less negative as the temperature increases, reaching a value of zero at 
some temperature (the ceiling temperature) above which AG is positive and polymerization is no 
longer favorable. Ceiling temperatures are often quite low in ROP as compared to vinyl polymer- 
izations, particularly where the rings involved are 5- or 6-membered. 
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Table 10.2 Thermodynamic Parameters for Polymerization of Cycloalkanes at 25°C“ 


AF. ASic AG ic AF ASic AG ic 
C(CH2), (kJ/mol) (J/mol-deg) (kJ/mol) | C(CH2), (kJ/mol) (J/mol-deg) (kJ/mol) 
3 -113.0 —69.0 -92.5 6 +2.9 -10.5 +5.9 
4 —105.0 -55.2 —88.7 7 -21.3 -15.9 -16.3 
5 -21.7 -42.7 -9.2 8 —34.7 -3.3 -34.3 


“ Subscript ‘/c’ denotes change from liquid to crystalline. 
Source: Adapted from Sawada (1976) by conversion of units. 


Besides the thermodynamic feasibility, there should also be a kinetic pathway for the ring to 
open, facilitating polymerization. Cycloalkanes, for example, have no bond in the ring structure 
that is prone to attack and thus lack a kinetic pathway. This is in marked contrast to the cyclic 
monomers such as lactones, lactams, cyclic ethers, acetals, and many other cyclic monomers that 
have a heteroatom in the ring where a nucleophilic or electrophilic attack by an initiator species can 
take place to open the ring and initiate polymerization. Both thermodynamic and kinetic factors 
are thus favorable for these monomers to polymerize (Odian, 1991). 


10.2 Polymerization Mechanism and Kinetics 


The overall process of ring-opening polymerization of cyclic compounds can be schematically 
represented by the reaction: 


(A—8) e CA A—A BY. me 


One notes that, in contrast to condensation reactions, ring-opening polymerization does not 
result in the loss of small molecules and, unlike olefin polymerization for which the loss of unsat- 
uration is a powerful driving force, ring-opening polymerization does not involve a change in the 
type of bonding. Ring-opening polymerizations are primarily initiated by ionic initiators (includ- 
ing coordinate ionic) as well as initiators that are molecular species, e.g., water. This latter class 
of initiators are generally only effective for the more reactive cyclic monomers. [onic initiators, 
however, are usually more reactive. They are typically the same as those described previously 
for the cationic and anionic polymerizations of monomers containing unsaturation. These ionic 
ring-opening polymerizations exhibit most of the characteristics of cationic and anionic polymer- 
izations of vinyl monomers (see Chapter 8), such as the effects of solvent and counterion, par- 
ticipation of different species (covalent, ion pairs, and free ions) in propagation, and association 
phenomena. 

Individual ring-opening polymerizations may exhibit the characteristics of step-growth or chain- 
growth polymerizations or a combination of both these processes depending on the initiator used. 
Two considerations are generally used to classify ring-opening polymerizations, namely, the ki- 
netic behavior and the molecular weight behavior. In particular, the nature of molecular weight 
dependence on conversion makes a clear distinction between step growth and chain growth pro- 
cesses. Thus, whereas in the former the molecular weight slowly increases with conversion, in the 
latter it remains more or less unchanged with conversion. Most, but not all, ring-opening poly- 
merizations, however, show a superficial resemblance to step polymerization in that the molecu- 
lar weight increases relatively slowly with conversion, and also to chain polymerization as only 
monomer adds to the growing chains in the propagation step [cf. Eqs. (10.4)-(10.6)] and propa- 
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gation rates are usually described by equations resembling those of chain growth polymerization. 
Further, it should be noted that, as explained earlier, ceiling temperatures of ring-opening poly- 
merizations are often quite low and, as a result, the kinetics may be complicated by the occurrence 
of polymerization-depolymerization equilibria (see later). 


10.2.1 Cyclic Ethers/Epoxides 


Three-membered cyclic ethers (see Table 10.1) are known as epoxides, the simplest epoxides being 
ethylene oxide and propylene oxide. Their polymerization is a subject of considerable technologi- 
cal importance. The ring-opening polymerization of epoxides can be initiated by both anionic and 
cationic methods. 


10.2.1.1 Anionic Polymerization 


The anionic polymerization of epoxides can be initiated by hydroxides, alkoxides, metal oxides, 
and some organometallic derivatives. For simplicity the initiator will be generally represented as 
M*A~, e.g., K*(Bu’O)~ for potassium butoxide. Thus, the polymerization of ethylene oxide can 
be represented (Young and Lovell, 1990; Odian, 1991) by the initiation step: 


/ N 
CH,—CH, + Mt& ——» A-CH,CH,O7 Mt Cs) 
followed by propagation: 
/ 
A—CH,CH,O° Mt + CH,——CH, ——> 
(10.4 
or, generally, 
O 
ae S 
A—(CH)CH,0)-CH,CH,0 M + CH — CH, `> 
A—(CH,CH,0)—CH,CH,0- Mt (10.5) 
Since the -O7 - -- -M* bond is more ionic than the -CH2—A bond, propagation occurs by in- 
sertion of monomer molecules into the -O7 - - - -M* bond, as shown in Eqs. (10.4) and (10.5). 


A number of organometallic compounds acting as initiators can cause epoxide polymeriza- 
tion to proceed through anionic coordination mechanism. Propagation in such systems involves 
a “concerted or coordinated process” in which the epoxide monomer is inserted into an oxygen- 
metal (O—M) bond (Odian, 1991): 

www CH CHO j CH, — > wwCH,CH,OCH,CH,O 

| | (10.6) 


—M O— CH, —M 
/ \ / \ 


This propagation reaction can be viewed as involving intermediate formation of an alkoxide 
anion through cleavage of the O—M bond in the growing chain—hence the name anionic coordi- 
nation. 
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Anionic polymerization of a substituted epoxide such as propylene oxide yields only low 
molecular weight (< 5000) polymers as chain growth is severely restricted by chain transfer to 
monomer. The transfer reaction becomes more prevalent as the substituent group possesses hy- 
drogen atoms on the a-carbon atom. The chain transfer to propylene oxide monomer occurs by 
proton abstraction from the methyl group attached to the epoxide ring (Young and Lovell, 1990): 


CH, O 
l k ZN k 
CH,-CH-O M* + CH;-CH-CH, _—@M 
CH, 


7 (10.7) 
_CH,-CH-OH + CH,=CH-CH,-O7M* 


producing allylic alkoxide ions which reinitiate polymerization to produce polymers with C=C 
end groups. 


Kinetics Most epoxide polymerizations have the characteristoics of living polymerization, that 
is, initiation is fast relative to propagation and there is an absence of termination processes. The 
expressions for the rate and degree of polymerization used in living chain polymerizations (see 
Chapter 8) can thus be applied for epoxide polymerizations. The polymerization rate is given by 


R, = KIMM] (10.8) 


where k, is the overall apparent rate constant and [M7] is the total concentration of all living 
anionic propagating centers (free ions and ion pairs); [M] is the concentration of monomer. 

The number average degree of poymerization at time f during the reaction is given simply by 
the ratio of the decrease in monomer concentration to the initial concentration of initiator : 


DP, = ([M]o - [M],)/[1] (10.9) 


where [M], and [M]; are the monomer concentrations at times 0 and t. 


Problem 10.1 The polymerization of ethylene oxide was studied (Gee et al., 1959) in 1,4-dioxane solution, 
catalyzed by solutions of sodium in a small excess of a simple alcohol, ROH. (An excess of alcohol is added 
to increase the solubility of the catalyst.) Their experiments support the suggestion that there is no termination 
reaction and that both the ion pair, RO” Na’, and the ion, ROJ, are catalysts. Derive a simple expression for 
the rate of polymerization under the experimental conditions. 


Answer: 

Making a simplifying assumption that all the polymerization steps have the same bimolecular rate constant, 

that is, k, or k}, depending on whether free ion or ion pair is involved, 

—d[C2H40] 
dt 


where [M7] is the total concentration of all anionic propagating centers and a is the degree of dissociation of 
ion pairs. 


Rp = = [ak, + (1 - a)k} | [M7] [C2H40] (P10.1.1) 


So long as the degree of ionization remains constant, no error will be introduced by using an overall rate 
constant kp in place of lak, +(- a)ky I. Moreover, [M7] can be replaced by co, the total initial alkoxide 
concentration. Thus, 


Rp = k co[C2H40] (P10.1.2) 
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Note: A series of proton exchange reactions (see later) arise from the presence of excess alcohol. If these 
exchange reactions are much faster than the polymerization, the effect on the kinetics of polymerization will 
be negligible, unless the alcohol added differs markedly in acid strength from the polyether alcohols formed 
by the exchange reactions. 


Problem 10.2 Account for the fact that the lower molecular weight polymers produced by polymeriza- 
tion of epoxides with metal alkoxides in dimethyl sulfoxide (DMSO) solvent shows (Bawn et al., 1969) the 
presence of sulfur in low concentrations (< 0.4%). 

Answer: 


A rapid proton transfer takes place between the metal alkoxide and DMSO leading to equilibria of the type, 
as shown by taking potassium butoxide as an example : 


K 
Bu'O-K* + CH3SOCH3; = CH3SOCH5K* + Bu'OH (P10.2.1) 


Methyl] sulfinyl carbanion, (CH3SOCH; ), has been given the trivial name dimsyl ion. It is involved in 
the majority of the base-catalyzed reactions in DMSO, in spite of the fact that the equilibrium lies far to the 
left (K = 1.5x1077). The equilibrium of reaction (P10.2.1) is established quickly and even though the 
dimsy] ion is present in very low concentrations, it is orders of magnitude more reactive than the t-butoxide 
ion (Ledwith and Mcfarlane, 1964). 


Initiation by the dimsyl ion involves the reaction : 


O 
CH, —8-CH7 K+ + HC CH, —> CH, s CH,CH,CH,O K" (P10.2.2) 
and propagation proceeds by 
2 k 
= P 
CH;—S-CH,CH,CH,O KT + HC —— CH, ——> 
O CH,—§-CH,(CH,CH,0)7_Kt (P10.2.3) 


followed by successive monomer additions which are assumed to be kinetically indistinguishable and have 
the same rate constant kp. Reactions (P10.2.2) and (P10.2.3) account for the presence of sulfur in the polymer 
product. 


Problem 10.3 Polymerization of ethylene oxide with potassium tert-butoxide in DMSO was followed 
(Bawn et al., 1969) by conventional dilatometry, using special procedures to eliminate zero time errors con- 
sequent on rapid initiation reactions. Given below are some of the data obtained for this system at 50°C: 


Concentration, mol L! Initial rate (Rp x 107) 
Expt. Monomer _Initiatorx10- mol L7! s7! 
1 3.14 9.61 6.84 
2 3.43 7.81 6.51 
3 3.45 1.36 0.99 
4 4.81 7.30 7.50 
5 2.42 7.60 5.00 
6 1.54 7.90 3.65 


Calculate an estimate of the apparent rate constant for propagation. Which of the systems given in the table 
would yield the highest molecular-weight polymer at 90% conversion ? 


Ring-Opening Polymerization 547 


Answer: 


Beside the metal oxide, dimsyl ions formed by reaction of metal alkoxide with DMSO [Egq. (P10.2.1)] take 
part in the initiation of polymerization. The initial rate of polymerization may be given by the expression [cf. 
Eq. (10.8)] : 


R, = -d[M]/dt |) = ky? [Mh [Bu'O-K*], (P10.3.1) 
The values of kp’? calculated for the six cases from Eq. (P10.3.1) are 0.23, 0.24, 0.21, 0.21, 0.27, and 0.30 L 
mol”! s~!, yielding an average value of 0.24 L mol”! s7!. 

According to Eq. (10.9), the highest molecular weight at a given conversion will be obtained for the case 
which has the highest value of the [Monomer]/[Initiator], that is, for expt. 3 with [M], = 3.45 mol L! and 
[Io = 1.36x10-3 mol L~!, giving 

== (0.90)(3.45 mol L7!) 


DP, = SA 8G 
(1.36x1073 mol L71) 


Exchange Reactions In epoxide polymerizations initiated by alkali metal alkoxides and hydrox- 
ides, protonic substances such as water or alcohol are often added to dissolve the initiator and 
produce a homogeneous system. However, these substances can contribute to an exchange reac- 
tion with the propagating chain. In the presence of alcohol (ROH), for example, the exchange 
reaction can be represented by 


R4OCH2CHz),O-Nat + ROH = 
ROCH2CH2)rOH + RO-Nat (10.10) 


The polymeric alcohol formed in the reaction can also take part in similar exchange reactions 
with other propagating chains. However, since the total ion concentration remains unchanged by 
the exchange reactions, they do not affect the observed overall rate (assuming equal reactivity of 
all ions). The alcohol will, however, affect the molecular weight. Since each alcohol molecule 
contributes to the generation of a polymeric chain as does the alkoxide initiator, the number- 
average degree of polymerization will be given by [cf. Eq. (10.9)]: 

DP, = Mh - M]; (10.11) 

[I] + [ROH] 

This equation assumes each initiator and alcohol molecule to be a potential polymer chain. Alcohol 
or other protonic substances can thus be used to control polymer molecular weight. The molecular 
weight limitation due to exchange reactions, as represented by Eq. (10.11), does not, however, 
apply to polymerizations initiated by alkoxides and hydroxides in aprotic polar solvents, nor does 
it apply to polymerizations initiated by other initiators such as metal alkyls and aryls and the 
various coordination initiators, since the latter initiators are dissolved in aprotic solvents such as 
benzene or tetrahydrofuran (Odian, 1991). 


Problem 10.4 Discuss the effect of exchange reaction on epoxide polymerizations initiated by metal alkox- 
ides in alcoholic solution, for the cases where the added alcohol is (a) equally acidic, (b) more acidic, and 
(c) less acidic than the polymeric alcohol formed by the exchange reaction. What would be the result of the 
use of HC] or RCOOH in place of ROH (or H20)? 
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Answer: 


(a) The exchange reaction will occur throughout the course of the polymerization, if the acidities of the two 
alcohols are approximately the same. The polymerization rate will be unaffected while the molecular weight 
will decrease [Eq. (10.11)], but the molecular weight distribution (MWD) will be Poisson. 


(b) If the added alcohol ROH is much more acidic than the polymeric alcohol, most of it will undergo reaction 
with the first-formed propagating species : 


R’OCH)CH30-Na* + ROH — R’OCH)CH3,OH + RO-Na* (P10.4.1) 


before polymerization begins. Since ROH is more acidic, reinitiation by RO Na* would be usually slower, 
resulting in a decreased polymerization rate and a broadening of the molecular weight. 


(c) For the case in which ROH is less acidic than the polymeric alcohol, the rate of polymerization will be 
relatively unaffected during most of the polymerization and exchange will occur in the later stages of reaction 
with a broadening of the MWD. 


When protonic compounds such as HCl or RCOOH take part in the exchange reaction, the result is not 
exchange, as occurs with ROH (or H20), but inhibition or retardation, since an anion such as Cl” or RCOO™ 
possesses little or no nucleophilicity. Reinitiation does not occur or is very slow and the polymeric alcohols 
are no longer dormant but are dead. Both the polymerization rate and polymer molecular weight thus decrease 
along with a broadening of the polymer molecular weight. 


10.2.1.2 Cationic Polymerization 


The initiators used in cationic ring-opening polymerization of cyclic ethers are of the same type 
as used in cationic chain poymerizations (Chapter 8); for example, strong protonic acids (e.g., 
H2SO4, CF3CO2H, CF3SO03H) and Lewis acids in conjunction with co-catalysts [e.g., BF3.H20, 
H*(SbCle)~, Ph3C*PF¢ ]. For simplicity, we shall represent these initiators generally as R*A~. 


Chain Initiation and Propagation In general, two mechanisms have been suggested for initia- 
tion and chain propagation in ring-opening polymerization by the cationic process. One mech- 
anism involves the formation of an onium ion by interaction of the catalyst system with the 
monomer, as shown here for the cationic polymerization of tetrahydrofuran : 


R- 
aa 


O 0 C? + 
> +R'A —> <> —> R-O(CH)-OC 
Oo 
es. 


-H 
Polymer <-------- R-0-(CH)-04CH0 C) (10.12) 
. 


The a-carbon of the oxonium ion being electron-deficient because of the adjacent positively 
charged oxygen, propagation involves a nucleophilic attack of the oxygen of a monomer molecule 
on the a-carbon of the oxonium ion. In each case, the product of propagation has a terminal cyclic 
oxonium ion formed from the newly added monomer molecule. 
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The second mechanism postulates that the catalyst causes monomer ring cleavage forming an 
ionic species, which is followed by attack of another monomer with ring cleavage and regeneration 
of ionic active site : 


(10.13) 


o, 
> +R'A —> R-O-(CH,);-CH, A` 
Oo 
le 
+ 


Polymer <¢-------- R-O-(CH,),-O-(CH,)3-CH,A" 


Though useful polymers can be made by these reactions, their low ceiling temperatures (see p. 
599) and consequent tendency to undergo facile depolymerization by an “unzipping” mechanism 
pose serious limitations. To overcome this problem the technique of end-capping or end-blocking 
may be used. Thus polyoxymethylene (polyacetal), an engineering plastic, prepared from the 
cyclic acetal 1,3,5-trioxane (cyclic trimer of formaldehyde) using boron trifluoride etherate as the 
initiator (in the presence of small amount of water required for polymerization) can be stabilized 
by capping the thermolabile hydroxyl end groups of the macromolecule by esterification using 
acetic anhydride : 


BF;.0(C,H;), (CH,COO),0 
— HO <CH,-0), CH,OH ——® CH;COO ~CH,-O), CH,OOCCH; 


OF ce) (10.14) 


The end-capping increases the decomposition temperature of polyacetals by a couple of hundred 
degrees. 


Problem 10.5 Like cyclic ethers, cyclic amines can be polymerized by ionic ring-opening method. Thus 
poly(ethyleneimine) can be prepared by the ring-opening polymerization of aziridine (see Table 10.1) with 
initiation by protonic acids followed by nucleophilic attack of the monomer. Account for the fact that the 
process gives rise to a branched polyamine and suggest a method by which the branching could be avoided 
to obtain a linear polyamine. 


Answer: 


While protonation of aziridine followed by nucleophilic attack of the monomer on the aziridinium ion gives 
the dimer, further addition of the monomer and continued chain growth can lead to linear polymer formation : 


A 


H 2 
$ [m 4h 
NH + HA —> N \ —> N-(CH,),-NH, 
H H 


A 
+ 

Polymer «--------- DLAN (P10.5.1) 
H 


550 Chapter 10 


As the chain growth leads to the formation of secondary amine functions, the latter can react with an aziri- 
dinium ion followed by proton transfer to form branched points in the chain: 


$ Mi + t -H+ 
NH + nC] —> HN-(CH,),-NH, —>N-(CH,),-NH, 
(P10.5.2) 


H 


In practice, the final product may contain 20-30% branching. 


A linear form of polyethyleneimine can be prepared by using a protecting group such as a-tetrahydropyranyl 
chloride (Cowie, 1991): : 


Et,N Cationic 
> NH + —> ——— > °QN-CH,-CH,),, 
polymerization 

Í N HCI/H,O 

E / 5 : (P10.5.3) 
NaOH +C 

(N-CH)-CH3);, <+— ~~. (N-CH,-CH,);, 

H H, 


According to this scheme, N-(a@-tetrahydropyrany]) aziridine is prepared and polymerized cationically to give 
the poly(iminoether) which is then hydrolyzed with aqueous acid and finally neutralized with alkali. 


With some cationic initiators, such as the triphenyl methyl (trityl) salts of the general formula 
Ph3Ct X~, where X7 is a stable anion such as C1073, SbCl, and PF;, the initiation does not in- 
volve direct addition to monomer. The carbocation abstracts a hydride (H7) ion from the a-carbon 
of the monomer and the resulting new carbocation initiates polymerization. Thus the reaction 
of trityl hexafluorophosphate and tetrahydrofuran has been shown to proceed as follows (Cowie, 


1991): 
Ph,Ct PE; + © —»> PhCH + ka 


PF; 
l (10.15) 


The reaction takes place below room temperature amd shows the characteristics of living polymer- 
ization with no evidence of a termination reaction. The nature of the counterion is an important 
factor in the elimination of the termination reaction. The rate and degree of polymerizations are 
then given by expressions similar to Eqs. (10.8) and (10.9). 
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A “A 
~~O(CH), -0O + e ey: _— (CH), OCHA j 
joa 

a) 2 A) @ 

K 
~ O(CH,),-O(CH,),-O(CH). + QOCH) 

a (5) 


Figure 10.1 Termination by chain transfer to polymer in cationic polymerization of tetrahydrofuran. Nucle- 
ophilic attack by an ether oxygen (2) in a polymer chain on an oxonium ion propagating center (1) forms a 
tertiary oxonium ion (3), which then undergoes nucleophilic attack by monomer leading to a dead polymer 
(4) and a regenerated propagating species (5). (After Odian, 1991.) 


Chain Transfer and Termination There are a variety of reactions by which a propagating cationic 
chain may terminate by transferring its activity. Some of these reactions are analogous to those 
observed in cationic polymerization of alkenes (Chapter 8). Chain transfer to polymer is a com- 
mon method of chain termination. Such a reaction in cationic polymerization of tetrahydrofuran is 
shown as an example in Fig. 10.1. Note that the chain transfer occurs by the same type of reaction 
that is involved in propagation described above and it leads to regeneration of the propagating 
species. Therefore, the kinetic chain is not affected and the overall effect is only the broadening of 
MWD. 

Termination of the propagating oxonium ion may also occur by combination with either the 
counterion or an anion derived from it; for example, in epoxide poymerization initiated by BF3.H20: 


+ 
mer OCH CHOC | —» »wOCH,CH,OCH,CH,OH + BF; (10.16) 
(BF,0H)- 


Termination may also occur by chain transfer with an externally added chain transfer agent. In 
this way, desired end groups may be added to the polymer. For example, hydroxyl and amine end 
groups are obtained by using, respectively, water and ammonia as chain transfer agents [cf. Eq. 
(8.118)]. 


Kinetics The rate of the cationic ring-opening polymerization of cyclic ethers may be expressed 
in different ways depending on the monomer and the reaction conditions. Polymerizations without 
termination can be described (Odian, 1991) by kinetic expressions similar to those used in living 
polymerizations of alkenes (see Chapter 8), e.g., 


Rp = kp[MI[M*] (10.17) 
where [M*] is the total concentration of propagating oxonium ions of all sizes. 
For reversible ring-opening polymerizations, the propagation-depropagation equilibrium can 


thus be expressed by 


p 
M*,+M = Mt (10.18) 
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which is analogous to Eq. (6.159) for reversible free-radical polymerization of alkenes and the 
rate of polymerization is similarly given by: 


Rp = —d[M]/dt = k [M][M"] - kap[M*] (10.19) 
As the rate of polymerization is zero at equilibrium, Eq. (10.19) leads to 
Ky[M]e = kap (10.20) 


where [M]. is the equilibrium monomer concentration, as in Eq. (6.161) for equilibrium alkene 
polymerization considered in Chapter 6. The derivations given there for [M]e and ceiling tem- 
perature T, as a function of AS? and AH’, viz., Eqs. (6.168) and (6.167) are also applicable to 
ring-opening polymerizations. 

Substituting Eq. (10.20) in (10.19) gives the polymerization rate as 


-d[M]/dt = k,[M*]([M] - [M].) (10.21) 


Integration then gives 


n( Se) kp(M*]t (10.22) 


[M] - [M]e 


where [M], is the initial monomer concentration. 
Using either Eq. (10.19) or (10.21), kp can be determined from the monomer conversion versus 
time data (see Problem 10.6). 


Problem 10.6 (a) The kinetics of polymerization of tetrahydrofuran was studied (Vofsi and Tobolski, 
1965) with the use of triethyloxonium tetrafluoroborate, (C2H5s)30+*BF}, as initiator and dichloromethane as 
solvent. Conversion versus time was measured at 0°C with initial catalyst concentration [I]) = 0.611072 
mol/L and monomer concentration [M] varying from 3 to 9 mol/L. The initial rates, Rp, determined from 
these data are given in Table A. 


(b) In another series of experiments, all with [M], = 6.1 mol/L and [I], = 3.05x10~2 mol/L, the monomer 
conversion (p) was measured as a function of time (t) and the number average molecular weight (M„) was 
determined, yielding the data shown in Table B. 


Table A Table B 

[M], mol L7 Rp, mol L~ min” p Mn 
9.15 0.00930 0.085 1405 
8.00 0.00820 0.207 2795 
7.00 0.00680 0.310 4078 
6.10 0.00500 0.443 — 
5.00 0.00350 0.490 — 
4.06 0.00170 0.565 — 
3.05 0.00037 — — 


Determine (a) the equilibrium monomer concentration and (b) the propagation rate constant kp at 0°C . 
Answer: 


(a) The polymerization proceeds in the manner shown in Eqs. (P10.6.1) and (P10.6.2). 
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Initiation : 


\ - k, x + 
O—R |BFy + O —=> O + R—O (P10.6.1) 
/ / BF, 


Propagation/depropagation : 


k 
= + O = R—OCH,CH,CH, g (P10.6.2) 
BF k 


4 dp BF, 
In these equations, kj, kp, and kap are the specific rate constants of initiation, propagation, and depropagation 
reactions, respectively. 


The data from column 2 are plotted against the data from column 1 in Fig. 10.2. From the intercept at Rp 
=0, [M]e = 2.65 mol/L. 


Rpx 10? mot /L-min 


[M] mol/L 


Time, min 


Figure 10.2 Determination of the equilibrium Figure 10.3 Plot of Eq. (10.22) for the determi- 
monomer concentration [M]. from initial rate (Rp) pation of kp[M*]. (Data of Problem 10.6.) (After 


versus initial monomer concentration ([M]o) data. Vofsi and Tobolsky, 1965.) 
(Data of Problem 10.6.) (After Vofsi and Tobolski, 
1965.) 
M], — M 
(b) Monomer conversion, p = M or [M] = [Mh - p). (P10.6.3) 
0 


With [M]e = 2.65 mol/L and [M] calculated from Eq. (P10.6.3), the left side of Eq. (10.22) is evaluated and 
plotted against ż in Fig. 10.3. The slope gives kp[M*] = 9.5x10-3 min™!. 


Assuming that the termination of the cationic polymer chain is brought about by the addition of water, the 
polymer has the formula C2H53(OCH,CHCH»CH>),OH and molecular weight = 46 + 72x. For My, 
= 1405, DP, = x = (1405 — 46)/(72) = 19. Similarly, for Mp = 2795, DP, = 38 and for Mn = 
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4078, DP, = 56. Since for the living polymerization, DP, will be given by DP, = ([M] - [M])/[M*], 
[M+] can be calculated from [M] and DP,. With [M] = 6.1 mol/L, this yields 


p [M], mol/L DP, [M7], mol/L 
0.085 5.58 19 2.74x10 7 
0.207 4.84 38 3.31x1072 
0.310 4.21 56 3.37x10-2 


Since the value of [M*] is nearly constant at monomer conversions p > 0.20, it may be assumed with fair 
approximation that the initiator is completely reacted. Since kp[M*] = 9.5x10~3, as obtained above, 


(9.51073 min7!) eee z EE) 
kp = => = 0.28 Lmol™ min (= 4.7x10~ Lmol s ). 
(3.37 x 10-2 molL™!) 


For ring-opening polymerizations of various cyclic ethers, k, is in the range 1071-107? L/mol-s 
(Chien et al., 1988; Mijangos and Leon, 1983; Penczek and Kubisa, 1989). These values are seen 
to be much closer to the rate constants for step-growth polyesterification than to those for various 
chain polymerizations. 


Degree of Polymerization To derive a relation showing quantitative dependence of the degree of 
polymerization on reaction parameters for an equilibrium polymerization (Tobolsky, 1957, 1958; 
Tobolsky and Eisenberg, 1959, 1960), let us assume that an initiator XY brings about the polymer- 
ization of a cyclic monomer M in accordance with the following equilibria: 


XY +M = XMY Ki = aM (10.23) 
` ; "~~ EXY][M] 
XM> Y 
XMY +M = XMbY, K, = END. (10.24) 
[XMY] [M] 
XMY +M = XM:Y, K,= [M i (10.25) 
2 ~ 0 OP RMY] M] ' 
[XM Y] 
XM, ,Y +M = XM,i1Y, K, = > 10.26 
nX + n+1 p [XM,Y] [M] ( ) 


where XY is the initiator (which can be both ionic or nonionic), M is the monomer, and K; and 
Kp the equilibrium constants for initiation and propagation, respectively. Combining the above 
equations one obtains the following expression for [XM, Y] : 


[XMnY] = K;[XY][M] (K, [M] (10.27) 


Summation of Eq. (10.27) to include all species from n = 1 to n = œ gives the total concentra- 
tion, [N], of polymer molecules of all sizes as 
S _ KilIXY][M] 


-EMI (10.28) 


One can similarly obtain by summation the total concentration of monomer segments incorporated 
into the polymer chain. Denoting this quantity by [W], one has 
S K: [XY] [M] 
[W] = niXM,Y] = —— 
2i (1 — Kp[M])? 


n=1 


(10.29) 
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The average degree of polymerization DP, is given by W/N: 


ar EE ee a ee (10.30) 
" N ~ 1 = K,[M] 


The initial concentration of monomer [M], is clearly given by 


[M] 


[M] + [W] 


[M] {1 y oY 


(1 — KIM]? 


[M] {1 + Ki[XY|DP,} (10.31) 
The initial concentration of initiator [XY], is given by 
[XY], = [XY] + [N] 


= ifi + KiM] | 


(1 = K,[M]) 
= [XY] {1 + Kj[MJDP,} (10.32) 


Combination of Eqs. (10.30) through (10.32) gives an expected relationship : 


-> _ Mb- (MI 
PEE SY ey oe 


The quantities [XY] and [M] in the foregoing equations represent the equilibrium concentra- 
tions of unreacted initiator and unreacted monomer. 

The quantities [XY ]e, [M]e, [XY]., [M]o, and DP, are experimentally measurable. To evaluate 
the constants K, and K; one might therefore proceed as follows: obtain K, from Eq. (10.30) using 
the experimentally determined values of [M] and DP,,, and obtain K; from Eq. (10.31) using the 
experimentally determined values of [M], [XY], and DP, (see Problem 10.7). 


Problem 10.7 A set of experimental data available in the literature on the equilibrium polymerization of 
caprolactam (CL) are of the type: a known mole ratio m of H20 to CL is charged in a vessel; the vessel 
is brought to a definite temperature and polymerization is carried out to equilibrium. When equilibrium is 
reached, the value of DP, and [M] (or conversion p) are determined. 


Two sets of data (Tobolsky and Eisenberg, 1959, 1960) obtained over a sufficiently wide range of vari- 
ables (temperature and initiator concentration) are given below : 


Temp. (°C) Run m p DP, 

221.5 1 0.060 0.9390 120 
2 0.192 0.9359 60 

253.5 1 0.060 0.9210 100 
2 0.132 0.9188 60 


Determine the AH’ values for the initiation and propagation steps of the equilibrium polymerization of capro- 
lactam. 
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Answer: 


The polymerization of caprolactam is accompanied by a volume contraction; therefore, the use of concentra- 
tion units of moles per kilogram is preferred over the application of moles per liter. It is also necessary to 
be able to compute [M], and [XY] from the initial mole ratio m. This is accomplished from the following 
relationships : 


[XY], = (1000m)/(18m + 113) (P10.7.1) 
[M]o = [M]oo — (IM]oo/EXY]oo) [XY] = 8.85 — 0.1594[XY], (P10.7.2) 


where the molecular weight of H20 is 18 and that of CL is 113; [M]oo is equal to the moles per kilogram of 
pure caprolactam (= 8.85) and [XY ]o is equal to the moles per kilogram of pure water (= 55.5). 


From a set of values of DPn, P, [XY lo, and [M]) the constants K; and Kp can be computed by the following 
steps : 


(a) [M] is calculated from [M] = [M],(1 - p). 


DP, - 1 

(b) Kp is calculated from Eq. (10.30), rearranged to the form: Kp = VR 
[M] DP, 

(c) [XY] is calculated from Eq. (10.33), rearranged to the form : 

M], — [M 
[XY] = [XY] - M = [MI 
DP, 
(d) K; is calculated from Eqs. (10.32) and (10.33), combined into the form: 
[XXY] - [IXY] _ [Mb - [IM] 


"O [XY][M]DPn — [xyY][M]DP2 

[It should be noted that in the theory outlined above leading to Eqs. (10.30)-(10.33), the presence of cyclic 
oligomers has not been taken into consideration. These are present in the equilibrium mixture of caprolactam 
polymerization to the extent of at most 5%.] 


The AH’ values can be calculated from the equilibrium constant values at several temperatures. Only one 
set of values for [KY] , [M]o, [M], and DP, are necessary in principle to calculate the equilibrium constants; 
however, both sets at each temperature may be taken to determine the constancy of K; and Kp. The values 
are: 


Tı =221.5°C(=494.5°K) 
Run 1 Ki = 0.0023 Ky = 1.855 
Run 2 Ki =0.0027 Kp = 1.787 
Average K;=0.0025 Ky = 1.821 


T =253.5°C (= 526.5°K) 
Run 1 Ki = 0.0026 Kp = 1.430 
Run 2 Ki = 0.0031 Kp = 1.397 
Average K; =0.00285 Kp = 1.4135 


From van’t Hoff’s equation, In [(Kj)2/(Kj)] = (AH°/R) (h — 7,)/(T,T>)], the present data lead to 


In (So) X AH? Fee — 494.5) °K 
0.00250 (1.987 cal mol`! °K-!) | (494.5 x 526.5) °K? 
Solving, AH? = 2118 cal/mol. Similarly, from K, values, AH), = -4095 cal/mol. 
Thus, the results obtained are 
CL + H,O = H(CL)OH AH? = 2118 cal/mol 


H(CL)OH + CL = H(CL)20H AH? = -4095 cal/mol 
H(CL),OH + CL = H(CL),.;OH 


The overall process is thus exothermic. 
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10.2.2 Lactams 


Lactams are cyclic amides formed by the intramolecular amidation of amino acids. The ring- 
opening polymerization of lactams [Eq. (10.34)], especially caprolactam (m = 5), provides a 
valuable noncondensation route to the synthesis of nylons : 


O 
I 


(CH); Nt ~> -Pcr cot- (10.34) 


This reaction can be initiated by strong bases (metal hydrides, alkali metals, metal amides, metal 
alkoxides, and organometallic compounds), protonic acids, or by water. Water is often used as the 
initiator (cf. Problem 10.7) for industrial polymerization of lactams and the process is referred to 
as hydrolytic polymerization. Anionic initiation with bases is preferred when polymerization is to 
be carried out in the mold itself for converting monomer directly into a molded object. Cationic 
initiation with acids, however, is not so useful because both the extents of conversion and polymer 
molecular weights are significantly lower (Odian, 1991). 


10.2.2.1 Hydrolytic Polymerization 


The hydrolytic polymerization (Bertalan et al., 1984; Sekiguchi, 1984) of e-capro-lactam can be 
carried out, on a laboratory scale, by heating a mixture of the monomer and water (2% by wt.) in a 
thick-walled polymerization tube with suitable safety precautions (Sorensen and Campbell, 1968). 
The water initiates the reaction by attacking the carbonyl group in the ring to form the open chain 
species, €-aminocaproic acid: 


(M) (W) (S,) 


This is followed by step polymerization of the amino acid with itself: 


wwwCOOH + H2Nwww = wwCONHww + H20 
(Sn) (Sm) (Sn+m) (W) (10.36) 


and initiation of ring-opening polymerization of lactam by the amino acid, in which the COOH 
group of the amino acid protonates the lactam followed by nucleophilic attack of amine on the 
protonated lactam : 


OH 
È+ 
B Va 
OOCRNH-ÉCORNH}-CORNH, + HN b = 
(S,) (M) (10.37) 
HOOCRNH-{ CORNH}— CORNH, 
(Sy 


The propagation process follows in the same manner. 


558 Chapter 10 


The initial ring-opening [Eq. (10.35)] and subsequent propagation steps [Eqs. (10.36) and 
(10.37)], which include both condensation and stepwise addition reactions, constitute the princi- 
pal mechanism of the polymerization and may be represented by the following three equilibria 
(Bertalan, 1984): 


M+W eS Kı = [Si]/((MJ[W])) (10.38) 
Sn +Sm = Snem + W Ky = ((Sn+mJ [WD / Sn] [Sm]) (10.39) 
M + Sn = Smi K = [Sn+i]/((MI[Sn]) (10.40) 


Employing the usual simplifying assumption, that the reactivity of the end groups are equal 
and independent of the chain length of the respective molecules, K2 may also be expressed as 


[Sn ][W] 
A ee 10.41 
a [Snl[Si] in 


From Eqs. (10.38), (10.40), and (10.41) it is then obvious that 
K3 = KK (10.42) 


Applying the principle of equal reactivities one can also write a more generalized expression for 
Ko as: 


_ _[NHCO][W] 
K2 = TNEDIICOOH] 0-49) 
and since [NH2] = [COOH] = [S], 
Ky = [NHCO][W]/[S/ (10.44) 


where 
[NH2] = Concentration of amino end groups 
[COOH] = Concentration of acid end groups 
[NHCO] = Concentration of amide linkages 
[S] = Concentration of polymeric chains 


Values for the equilibrium constants, Kı, K2, and K3, may be calculated from Eqs. (10.38), 
(10.44), and (10.42), respectively, by substituting the various terms in these equations with quan- 
tities that are experimentally obtainable. 


Kinetics The significant quantities upon which the formulation of kinetic equations may be based 
are the concentrations of caprolactam (M), polymeric chains (S), and amide groups in linear chains 
(Z). Neglecting amide groups in cyclic oligomers, the relationship between these quantities is given 
by (Bertalan, 1984) 

[Z] = 1 - [M] - [S] (10.45) 


from which it follows that 


d[Z]/dt = -d|M]/dt — d[S]/dt (10.46) 
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We recall that the three principal chemical equations for the considered mechanism [cf. Eqs. 
(10.38)-(10.40)] were 


Ring opening (RO): 

M + W - Si, Kı = ki/ku (10.47) 
Polycondensation (PC) : 

Sn + Sm - Snim + W, Ky = ko/k-2 (10.48) 


or, in general, 


NH2 + COOH = NHCO + H20 


(S) (S) (Z) (W) 

Polyaddition (PA): 
S, +M : Smo K = kiks (10.49) 
(S) (S-S1) 


The kinetic equations representing the contributions of the individual reactions are as follows: 


RO: -d[M]/dt = kı (EMI[W] - [S1]/K1) (10.50) 
PC: d[S]/dt = kı (IM][W] - [S1]/K1) 
[W] (1 - [M] 
al S1{IS] - =| ~ 1)} (10.51) 
( — [S1/[S) 
PA: -d|M = M] — — 10.52 
[M]/dt sifi ] > \ (10.52) 
Since [W] = [Wh — [S], it follows that 
S 
-d[M\/dt_ = k {IMI (Wh - [s]) - a} 
+ ks[S] {MI - ae} (10.53) 
3 
F AWL- (8) (1 M] _ 
-d[S]/dt = Isi {isı —— ( 5 i)} 
[Si] 
zp {mawi - [S) - >} (10.54) 


Since it has been assumed that the reactivities of all carboxyl and amino groups are equal 
(that is, independent of the chain length of the molecule), the equations derived for linear macro- 
molecules may also be applied to aminocaproic acid (S1). For this case, Eqs. (10.38)-(10.40) may 
be written as 


M+W = S, S+S = Sm +W, M+S = So 


The following rate equation may then be written for S4 : 


diS] _ [Sı] 
Bi k {IMICW], _ [sp - >} 


Wh. - [SJ ([S] - [S l 
-21 {11181 z CM DaS Sh) > ks{S1](IMI ? =) (10.55) 


560 Chapter 10 


Note that in the last term of this equation, it has been assumed for the sake of simplicity that [S2] 
= [Si]. 

The set of differential equations comprising Eqs. (10.53)-(10.55) is suitable for the estimation 
of kı, k2, and k3 from the experimental data of [M], [S], and [S;], obtained as a function of time. 


10.2.2.2 Anionic Polymerization 


Here we will consider the polymerization of caprolactam initiated by strong bases. They are 
usually referred to as catalysts and also as initiators by some authors (Sekiguchi, 1984). Strong 
bases initiate polymerization by the replacement of H in the N-H residue of caprolactam by a 
cation to give lactam anion; e.g., for caprolactam with an alkali metal, M : 


ọỌ O 
j j 
Ç 
(CH); NH +M <> (Ch N M + im (10.56) 
(I) (II) 


The alkaline salt of the lactam is preferably prepared extra situ and introduced into the mixture 
to polymerize (Sekiguchi, 1984), or prepared in situ by the action of an alkali metal compound 
(M*A_) with the caprolactam monomer: 


Oo O 
lI II 
C C 
poa z 
(CH) NH + M'A —> (CH) —N M" + AH (10.57) 
D (II) 


Under conditions of complete dissociation, the concentration of the lactam anion, represented in 
the following discussions by -CO-N-, is equal to that of the lactam salt (II), denoted by LS. If LS 
is weakly dissociated, the concentration [-CO-N -] varies with [Ls]!?, since 


[-CO-N--][IM*] _ [-CO-N--? 
[LS] 7 [LS] 
or [-CO-N--] = K"?[LS]!? (10.58) 


K = 


Strongly dissociated catalysts may thus be used in lower concentrations than weakly dissociated 
catalysts. 

The subsequent mechanism of the base-catalyzed polymerization of caprolactam is compli- 
cated. Ring opening of the initiated monomer does not occur. Since the lactam anion is stabilized 
by resonance, viz., 


pb «— -C=N-| 


its further reaction with caprolactam monomer is energetically unfavorable. It thus attacks the 
carbonyl atom in a molecule of monomer very slowly, causing scission of the CO—NH bond to 
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produce a highly reactive terminal -NH ion (III), as shown by Eq. (10.59) (Sekiguchi, 1984; 
Odian, 1991): 


0) o 0) 
U I I 
E. f ea H 
ch). Mt + un Yeu), a (CÉ); —N-CO(CH3)s—N~ M* (10.59) 
(I) (1) (IIT) 


The new primary amine anion (III), unlike the lactam anion (ID, is not stabilized by conju- 
gation with a carbonyl group. It is therefore highly reactive and, once it is formed, it undergoes 
a rapid proton-abstraction reaction with a caprolactam monomer producing the dimer compound 
N-caproylcaprolactam (IV), which is a N-acyllactam, and regenerating the lactam anion (ID): 


Wl Q 
AH \ Fast 
(CH2); —N-CO(CH))s—N M" + (CH); — NH ——> 
(111) i (1) o 
Tera 
(CHy)s——N-CO(CH)s—NH, + (CH5 N M (10.60) 
(IV) (11) 


The ring carbonyl carbon atom in the N-acyllactam (IV) is much more strongly activated to- 
wards nucleophilic attack than that in the monomer (I) because of the presence of the second 
carbonyl group bonded to the ring nitrogen atom. Propagation thus occurs through a sequence of 
reactions (Odian, 1991) similar to those shown in Eqs. (10.61) and (10.62), where monomeric 
lactam ion attacks the ring carbonyl carbon of N-acyllactam (IV) causing scission of the CO—N 
bond to form a —N— anion (V) which abstracts H* from a monomer molecule (I) to regenerate 
the lactam anion (II) and the propagating N-acyllactam (VI). The propagating center in the above 
mechanism is thus the cyclic amide linkage of N-acyllactam as propagation takes place by the 
unusual process of insertion of lactam anion (and not the monomer lactam) into an N—CO bond of 
N-acyllactam. The lactam anion is thus often referred to as activated monomer. 


O O 
| H 
C a 
n d 
(CH); — N M + (CH); N—CO(CH));-NH, —> 


(D 9 (IV) 
Mt 
2 10.61 
(CH,)s —-N—CO(CH,);—N—CO(CH,);—NH, eo 
(V) 
1 j 
C M` 
(CH); N— COCH) N—CO(CH>) -NA + (CH,)s—-NH —> 
(V) o (I) o 
C C 


(CH) N— COCH) NHCO(CH s -NH + (CHN M 
VD (in) (10.62) 
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Long induction periods are often observed for this polymerization which is a consequence of 
the slowness of the reaction in Eq. (10.59). It can be eliminated and the polymerization rate en- 
hanced significantly by inclusion of an acylating agent (e.g., acid chloride or anhydride) that reacts 
rapidly with the lactam to form an N-acyllactam (VID [see Eq. (10.63)], which then propagates 
by a sequence of reactions similar to those of Eqs. (10.61) and (10.62), except that the propagating 
chain now has an acylated end group instead of an amine end group. 


O O 
| I 


(CH,);——NH + RCOCI —> (CH,);——-N—CO-R + HCI (10.63) 
(1) (VID 


Polymerizations in the presence of an acylating agent are often referred to as assisted (or 
activated) polymerizations. The rate of lactam polymerization depends on the concentrations of 
the activated monomer and propagating chains, which, for an assisted lactam polymerization, are 
determined by the concentrations of base and N-acyllactam (or acylating agent), respectively. The 
degree of polymerization increases with increasing conversion and concentration of monomer and 
with decreasing concentration of N-acyllactam. Qualitatively, these features are similar to those 
of living polymerizations. 


Problem 10.8 (a) Assuming a constant rate of formation of growing chains and neglecting reverse re- 
actions, derive an expression for the rate of anionic polymerization of lactam with a strongly dissociated 
catalyst. (b) Given that the propagation rate constant of a lactam polymerization is 8 L mol™! s~! and free 
lactam ion concentration is 0.01 mol L~!, calculate an approximate value for the induction period. (c) Discuss 
qualitatively the type of molecular weight distribution one would expect for the polymer at high conversion. 


Answer: 


(a) As shown above, propagation of anionic polymerization requires the interaction of two active species, 
lactam anion and N-acyllactam end unit, while monomer (M) is only consumed via its anion. Assuming that 
the chain length does not influence the reactivity of chain end groups, one can thus write (Sekiguchi, 1984) 
[cf. Eqs. (10.59) and (10.61)] : 


—d[M]/dt = ko[M][-CO-N -] + kı[Pa][-CO -N` -] (P10.8.1) 
where k, is the rate constant of the forward reaction of chain initiation and kı is that of propagation; P, 
represents a polymer chain of any degree of polymerization n bearing a N-acyllactam end unit. 

For a constant rate of formation of growing chains, Eq. (P10.8.1) can be further expressed as 

—d[M]/dt = k[M][-CO-N™-] + kı(k[M][-CO -N7 -])[-CO-N--] 

k[M][-CO -N7 -](1 + kı[l-CO -N` -]^) (P10.8.2) 


(b) The value of time żt for which kı [-CO -N~ -]żt becomes greater than 1 gives a measure of the induction 
period. Thus, induction period ~ 1/[(8 L mol™! s7!)(0.01 mol L=')] = 12.5 s. 


(c) In the aforesaid anionic poymerization, a small number of dimer anions (III), once formed, would grow 
rapidly to give very long chains, while the chain initiation reaction [Eq. (10.59)] continues to add slowly new 
dimer chains. Consequently, the polymerization in the initial stage would produce a very wide distribution 
of molecular weights. However, with higher conversions leading to increase in the concentration of linear 
amide groups and decrease in that of cyclic amide, the self-initiation reaction would be increasingly replaced 
by the chain multiplication reaction and the lengths of all chains would gradually approach the statistical 
distribution (Sekiguchi, 1984). 
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10.2.3 Lactones 


The ring opening polymerization of lactones, lactides, and glycolides to polyesters can be carried 
out by both anionic and cationic means using a variety of initiators similar to those used for cyclic 
ethers. However, cationic polymerization is not as useful as anionic polymerization for synthe- 
sizing high-molecular weight polyesters due to detrimental side reactions such as intramolecular 
transesterification (cyclization) and chain transfer to polymer reactions (including proton and hy- 
dride transfer) which lower the molecular weight. 

The anionic polymerization of almost all lactones proceeds by nucleophilic attack at the ring 
carbonyl group followed by scission of the CO-O bond, e.g., for caprolactone the initiation and 
propagation steps can be depicted as 


(0) 
ll D 
Cc o c 


(CH3); — O 


\ ll E 
Pa a A 
A C+(CH,}— O+ CHCH} O M’q------- A-C-(CH,)— 0-C-(CH,}— OM* (10.64) 


Much of the recent activities in anionic ring-opening polymerization involve the use of anionic 
coordination initiators. For these initiators, the metal coordinates with the carbonyl (C=O) oxygen 
of the monomer, which is followed by cleavage of the acyl-oxygen (CO-—O) bond of the monomer 
and insertion into the metal-oxygen (M-—O) bond of the initiator. The experimental evidence for 
this coordination-insertion mechanism comes from end group analysis of the polymer formed. 

Alkoxides of some metals with d-orbitals, including Al and Sn alkoxides, are efficient coordi- 
nation initiators for ring opening polymerization of lactones. Aluminum alkoxides [R3_-,Al(OR),] 
(Mecerreyes and Jérôme, 1999; Penczek et al., 1998) — in particular, Al trialkoxides [AI(OR)3] 
and dialkyl Al alkoxides [R} AIOR] — are widely used, while tin octoate, Sn(OOCCH(C2Hs) 
C4Ho9)2, is often preferred owing to its acceptance as a food additive. The active species in the latter 
case are, however, believed to be tin(II) alkoxides formed in situ by the reaction of tin octoate with 
either adventitious water and hydroxyacids, or with an alcohol co-initiator. The predominance of 
Al alkoxides and Sn alkoxides as initiators for ring-opening polymerization is due to their ability to 
produce stereoregular polymers of narrow molecular weight distribution and predictable molecular 
weights with well-defined end groups. 

The coordination-insertion mechanism is illustrated in Fig. 10.4 taking the example of e- 
caprolactone polymerization with aluminum trialkoxide, Al(OR)3. The first step in the mechanism 
is the coordination of the metal alkoxide to the carboxy of the monomer. This nucleophilic attack 
causes cleavage of the CO-O bond of the monomer with simultaneous insertion into the metal 
alkoxide bond, followed by propagation. The hydrolysis of the propagating alkoxide produces 
poly(e-caprolactone), a linear polyester with an OR-containing ester as one end group and a hy- 
droxyl group at the other end. There are two possibilities of transesterification side reactions in 
ring-opening polymerization of lactones, namely, monomolecular (intramolecular) chain transfer 
leading to formation of macrocyclics and bimolecular (intermolecular) chain transfer, leading to 
broadening of molecular weight distribution. Though the formation of cyclic compounds is ter- 
modynamically inevitable for polyesters, kinetic conditions can be found for formation of linear 
macromolecules almost free of ring structures. 
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Figure 10.4 The coordination-insertion mechanism for ring-opening polymerization of e-caprolactone with 
trialkoxy aluminum. (After Deshayes et al., 2003.) 


Poly(e-caprolactone), polylactides, and polyglycolides have quite unusual properties of biode- 
gradability and biocompatibility. The majority of polymers used in the biomedical field to develop 
implants, sutures, and controlled drug-delivery systems are the aforesaid resorbable polyesters 
produced by ring-opening polymerization of cyclic (di)esters. 
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EXERCISES 


10.1 


10.2 


10.3 


10.4 


10.5 


10.6 


Salts of carbazole are excellent initiators for ethylene oxide polymerization, giving living polymers of 
predicted molecular weights. From conductivity measurements at 20°C, the dissociation constant of 
carbazylpotassium (NK) was found [Sigwalt, P. and Boileau, S., J. Polym. Sci. Polym. Symp., 62, 51 
(1978)] to be 7.0x 107° in THF, 1.1x107~> in THF + (2.2.2]cryptand and 7.5x 1072 in hexamethylphos- 
phoramide (HMPA). (a) Calculate the fraction of free ions in the three cases with NK concentration 
107° mol/L. (b) Calculate the molecular weights of polyethylene oxide initiated by NK in the three 
cases at 90% conversion of the monomer of initial concentration 1.4 mol/L. (c) What is the number of 
initiator residue per molecule of the polymer formed ? 

[Ans. (a) THF 0.003, THF + [2.2.2] 0.11, HMPA 0.99; (b) 55,440; (c) One initiator residue per 
molecule.] 


The initiation of ethylene oxide polymerization by sodium naphthalene involves direct addition of the 
monomer to the radical anion and reduction of the adduct by sodium naphthalene producing a dianion. 
Suggest two tests to support this mechanism. 


Consider the following monomers and initiating systems : 


(a) Monomers: Propylene oxide, trioxane, oxacyclobutane, y-butyro-lactam, 6-valerolactam, and 
ethyleneimine. 


(b) Initiating system: n-C4HoLi, H20, BF; +H20, NaOC2Hs, H2504. 


Which initiating system(s) can be used to polymerize each of the various monomers ? Write chemical 
equations for the polymerizations. 


Explain why the polymerization of an epoxide by hydroxide or alkoxide ion is often carried out in the 
presence of an alcohol. What effects will the presence of alcohol have on the polymerization rate and 
on the degree of polymerization ? 


Explain the following observations : 


(a) Anionic polymerization of propylene oxide usually gives rise to a relatively low-molecular-weight 
polymer. 

(b) The rate of polymerization of tetrahydrofuran by BF; is greatly enhanced by the addition of a small 
amount of epichlorohydrin, even though the latter is much less basic than tetrahydrofuran. 

(c) The rate of polymerization of oxetane by BF3 increases on addition of small amounts of water, but 
the degree of polymerization decreases. 

(d) In the presence of an acylating agent, the anionic polymerization of lactams occurs without an 
induction period. 

Polymerization of €-caprolactam (8.79 mol/L) at 220°C with water (0.352 mol/L) as the initiating 
agent yielded polymer with DP,, = 152 at equilibrium conversion of 94.5% (Odian, 1991). Calculate 
the values of K, and K; at equilibrium. 

[Ans. 2.05 L mol”; 2.5x1073 L mol7!] 
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10.7 The following data apply to an equilibrium polymerization of tetrahydrofuran (Odian, 1991): [M] = 
12.1 mol/L, [M]* = 2.0x10-3 mol/L, [M]e = 1.5 mol/L, and kp = 1.3x1072 L/mol-s. Calculate the 
initial polymerization rate and the polymerization rate at 20% conversion. 

[Ans. (Rp) = 2.76x1074 mol/L-s, Rp = 2.13x1074 mol/L-s] 


Chapter 11 


Living/Controlled Radical 
Polymerization 


11.1 Introduction 


In polymer chemistry, living polymerization or controlled polymerization is a form of addition 
polymerization where the ability of a growing polymer chain to undergo irreversible chain trans- 
fer and chain termination has been removed and, in addition, the rate of chain initiation is also 
much larger than the rate of chain propagation. The result is that the polymer chains grow at a 
more constant rate than seen in traditional chain polymerization and this is reflected in polymer 
chain lengths being equal (i.e., the polymer chains have a very low polydipersity index). Unlike in 
conventional free radical chain polymerization, the molecular weight of polymer chains increases 
with conversion and the polymer can be synthesized in stages, each stage containing a different 
monomer that is added to the reaction system, thereby yielding a block copolymer. Living poly- 
merization is thus a popular method for synthesizing block copolymers. Additional advantages are 
predetermined molar mass and control over end groups. 

Though much of the academic and industrial research on living polymerization has focused on 
anionic, cationic, ring-opening, and coordination polymerization, the development of living/contr- 
olled radical polymerization (LRP/CRP) methods has been a long-standing goal in polymer chem- 
istry as this could combine the virtues of living polymerization with versatility and convenience 
of free-radical polymerization. However, because the propagating radical in free-radical polymer- 
ization is very short lived in a homogeneous system (since it undergoes bimolecular termination 
via coupling/disproportionation or chain transfer), LRP or CRP in homogeneous solution had long 
appeared to be almost impossible. A solution to this problem could be provided by the reversible 
deactivation of growing radicals, P* , with scavenger, S° , into dormant species, P-S : 


è -e Kaeact 
P +5 an P-S (11.1) 


act 
Reducing the number of growing radicals in this way, their irreversible bimolecular termination 


could be minimized. Several such techniques are described below. The extensive scientific litera- 
ture in this field from 1980 has been recently reviewed (Hawker et al., 2001). 
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(2) PRT/CT 
R R 
a b 
CH=CHR 
wwf — —CH-I z> a+b (D meHZ CHR 
CH, CH} CH, E la Q) PRT/CT Figure 11.1 Proposed 
R R scheme of radical polymer- 
ization through the use of 
wo CH cH} (CH, cH) CH,—CH-I ek EE iniferter. (After Otsu et al., 
“ | on “| om | 
E 2 R 1989.) 


The so-called iniferter (initiator-transfer agent-terminator) concept was proposed (Otsu et al., 
1982) in 1982 for the design of the polymer chain-end structure that can facilitate radical poly- 
merization showing features of a living mechanism. An iniferter (I-I’) has a very high reactivity 
for chain transfer and/or primary radical termination. If such a substance is used as an initiator 
in radical polymerization of a vinyl monomer, ordinary bimolecular termination can be neglected 
and a polymer bearing two initiator fragments at its chain ends will be obtained as shown below: 


' 
I + AH,C=CH — cne 
R R 


(11.2) 


If the end groups of the polymers formed still have an iniferter function, the radical polymerization 
will be expected to show features of a living radical mechanism, i.e., both yield and molecular 
weight of the polymers produced would increase with reaction time (conversion). The proposed 
iniferter model (Otsu et al., 1989) is shown in Fig. 11.1. 

The C-I bond in the propagating chain-end, acting as an iniferter, dissociates into a reactive 
propagating radical a and a nonreactive small radical b, which does not initiate but readily under- 
goes primary radical termination (PRT) with a to give the identical C—I bond. Chain transfer (CT) 
of a to the C-I bond may also occur giving a similar a and the identical C—-I bond. Therefore, if 
the polymerization proceeds by repetition of dissociation at the C—I bond followed by addition of 
monomers to a and PRT with b and/or CT reaction of a to C-I bond, such polymerization (Fig. 
11.1) may show features of a living radical polymerization. 

The polymerization of styrene and methyl methacrylate with organic compounds containing 
N,N-diethyldithiocarbamate groups (Otsu et al., 1986) as photoiniferters and of methyl methacry- 
late with phenylazotriphenylmethane (Otsu and Tazaki, 1986) as a thermal iniferter are found to 
proceed via a living radical mechanism similar to the scheme shown in Fig. 11.1, facilitating syn- 
thesis of various types of block and graft copolymers with controlled structure. However, despite a 
number of successes of the application of iniferter technique, one of the goals for complete living 
polymerization was not reached: polymer with a narrow molecular weight distribution could not 
be obtained. This provided impetus to search for new and better methods. 

Narrow polydispersity, in principle, may be obtained in a free-radical polymerization process, 
if the process proceeds by a living mechanism, with no premature termination, and if all the propa- 
gating chains are initiated at about the same time, similar to what occurs in an anionic polymeriza- 
tion process (Georges et al., 1993). A variety of living radical polymerization systems have been 
developed in recent years. These are based on either reversible termination or reversible transfer 
of chain radical for which four principal mechanisms have been put forward: (1) Polymerization 
with reversible termination (deactivation) of growing chains by coupling, the best example in this 
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class being the alkoxyamine-initiated or nitroxide-mediated polymerization (NMP) or stable free 
radical polymerization (SFRP), as first described by Solomon et al. (1985); (2) polymerization 
with reversible termination by ligand transfer to a metal complex (usually abbreviated as ATRP) 
(Wang and Matyjaszewski, 1995); (3) polymerization with reversible chain transfer (also termed 
degenerative chain transfer); and (4) polymerization with reversible addition/fragmentation chain 
transfer (RAFT). All of these methods are, however, based on establishing a rapid dynamic equi- 
librium between a minute amount of growing free radicals and a large majority of dormant species. 
The methods have attracted much interest as pseudoliving or “living” (often simply called living) 
radical polymerization for the synthesis of a wide variety of homopolymers and copolymers with 
controlled molecular weights, low polydispersities, and well defined end groups. 

Before various methods of CRP/LRP are described in this chapter, it is important to take a 
brief look at the criteria that can be used to identify a CRP/LRP process. A CRP/LRP process is 
characterized by three general features (Qiu et al., 2001). 


FEATURE 1: First Order Kinetics with Respect to Monomer. Figure 11.2 shows typical variations 
of conversion with time in linear and semilogarithmic coordinates for a living polymerization. 
A frequently used test for the livingness of polymerization is the linearity of the plot of the rate 
of polymerization (Rp) versus time (t), the conversion being expressed as In([M],/[M]) where 
[M], and [M] represent the initial concentration of monomer and that at time t, respectively. The 
linearity, however, shows only that there is no termination reaction, i.e., the number of propagating 
radicals is constant throughout the polymerization. It does not eliminate the existence of transfer 
reactions. For constancy of the propagating radical concentration, [P* ], one can write 


Rp = —d[M]/dt = k [M][P:] = (constant) [M] (11.3) 
or In({M]./[M]) = (constant)t (11.4) 


For a living process (with R; = Rp) we have [P° ] = [I],, i.e., the concentration of the propagating 
chains is equal to the initial concentration of initiator. The rate of polymerization can then be 
expressed as 


—d{M]/dt = kp[M][1]o or In([M]/[M]o) = —kp[ ot (11.5) 


It should be noted that in conventional radical polymerizations, where termination occurs readily, 
pseudo first order kinetics could also be observed in the classical steady state, where the concen- 
tration of radicals remains constant, because the loss of radicals by termination is compensated by 
continuous generation of radicals, with a rate equal to that of termination. In contrast, the concen- 
tration of radicals in controlled radical polymerizations is established by an equilibrium between 
the activation and deactivation processes, allowing the rate of initiation (R;) to be far greater than 
the rate of propagation (Rp). 


FEATURE 2: Linear Increase of Degree of Polymerization (DP,,) with Conversion. Figure 11.3 
illustrates schematically the evolution of the molecular weight and polydispersity with conversion 
for a living polymerization. A linear variation of DP, with time, and hence conversion, requires 
that the initiation should be sufficiently fast so that all chains start to grow simultaneously and that 
no chain transfer occurs to increase the total number of chains initiated by the initiator molecules. 
Then, 

AIM] _ [Mh - M 


DP, = ——- = —— 11.6 
[P=] iT, a) 
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Figure 11.2 Schematic repre- 
sentation of the variation of con- 


Conversion ———————_> 
in (MIM) ————_> 


version with time in linear and 
semilogarithmic coordinates for 
a living polymerization. (After 
Matyjaszewski and Xia, 2001.) 


Thus, 
[M] = [Mh - DP, x [Io (11.7) 


Features | and 2 can be combined into a single equation (Penczek et al., 1991) by substituting for 
[M] from Eq. (11.7) into Eq. (11.5) to yield 


Mo ) 
In{1 — DP,| = —k,[I]ot 11.8 
a(i - EDP, Ai (11.8) 
The linearity of a plot of the left-hand side of Eq. (11.8) with time ¢ is thus a sufficient criterion 
for R, = 0 (no termination) and Ry = O (no chain transfer) and from the slope of this plot kp can 
be estimated. 


FEATURE3: Narrow Molecular Weight Distribution. Although narrow molecular weight distribu- 
tion (MWD) or low polydispersity index (PDI) is a desirable feature, it is not necessarily the result 
from a living polymerization, which requires only the the absence of chain termination and chain 
transfer, but ignores the rate of initiation, exchange and depropagation (Qiu et al., 2001). Many 
studies have indicated that to obtain a narrow MWD each of the following conditions should be 
fulfilled: (4) initiation is at least as fast as propagation, thus allowing simultaneous growth of all 
polymer chains; (ii) exchange between species of different reactivities is faster than propagation; 
(iii) chain transfer or termination is negligible; (iv) polymerization is irreversible; and (v) reaction 
system is homogeneous and mixing is sufficiently good, thus ensuring availability of all active cen- 
ters at the onset of polymerization. Under these conditions, a polymer with Poisson distribution 
may be formed, as quantified in the equation (Qiu et al., 2001): 


DPR. My 
DP, M, 
DP 1 
= 1+ z Z 1+ (11.9) 


(DP, +1} DP, 
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Figure 11.3 Schematic representation of the evolution of molecular weight (M/,,) and polydispersity (Mw/Mn) 
with conversion for a living polymerization. (After Matyjaszewski and Xia, 2001.) 


where DP,, (M,,) and DP, (Mn) represent the weight and number average degree of polymeriza- 
tion (molecular weight), respectively. It follows from Eq. (11.9) that polydispersity index (PDI = 
DP, /DP, = M,,/M,) will decrease with increasing molecular weight. Thus, a polymerization sat- 
isfying the aforesaid conditions will be expected to produce a polymer with PDI<1 for DP, > 10. 
In case of non-compliance with the above conditions, such as polymerizations with slow exchange 
rate or with termination and transfer reactions, the polydispersity will deviate from Poisson distri- 
bution. In such cases, it has been shown that the variation of polydispersity with conversion may 
be used as a mechanistic criterion to distinguish between various possible mechanisms (Litvinenko 
and Miiller, 1997). 


FEATURE 4: Long Lived Polymer Chains. If chain termination and chain transfer are negligible, 
all polymer chains retain their ability to grow further after all of the monomer is consumed and 
resume propagation when fresh monomer is introduced. This unique feature of living polymers is 
made use of in the preparation of block copolymers by sequential monomer addition. 


11.2 Stable Free Radical Polymerization 


As living polymerization implies that during the process, side reactions such as irreversible termi- 
nation and transfer reactions are virtually absent, in free radical polymerization it can be achieved 
by a reversible termination by reaction between the active center and another radical, using pho- 
toactivation (Otsu and Kuriyama, 1984) or thermal activation (Bledzki et al., 1983; Crivello et 
al., 1986; Otsu et al., 1987). An example of the latter is provided by stable nitroxyl radicals like 
TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxy) (D. 
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Thus, in stable free radical polymerization (SFRP), also called nitroxide-mediated polymeriza- 
tion or NMP (which was discovered while using TEMPO as a radical scavenger in investigating 
the rate of initiation during free radical polymerization), it is believed that reversible combination 
of a polymer radical, P* , with a stable nitroxyl radical, N° , takes place forming an adduct, P-N, 
that exists as a dormant species : 


ka 
P-N => P+ +N’ (11.10) 
Ke 
7 — [PlIN'] 
a e ENT (11.11) 


where ky and k, are the rate constants of dissociation (activation) and combination (deactivation), 
respectively. Note that N° is reactive only to P* , while P* is reactive not only to N* and monomer 
M (propagation) but also to P* (irreversible termination) and neutral molecules S (chain transfer). 
When the last two reactions of P° (i.e., termination and transfer) are unimportant compared with 
the first two, the polymerization may proceed via a living radical mechanism (similar to that shown 
in Fig. 11.1 with I* replaced by N° ). Figure 11.4 shows the reversible termination of a polystyryl 
chain radical by TEMPO radical. 

The equilibrium between dormant chains (P-N) and active chains (P* ) is designed and the 
temperature is adjusted so as to heavily favor the dormant state, which effectively reduces the 
radical (P* ) concentration to sufficiently low levels that allow controlled polymerization. For 
example, the equilibrium constant K in Eq. (11.11) for the polystyrene (PSt)/TEMPO reversible 
reaction in the bulk polymerization of styrene at 125°C in the presence of a PS-TEMPO adduct 


i HC N CH, 
ke O 
+ a y j 
. k ww CH,—CH 
ww CH, —CH d 


Figure 11.4 Reversible termination of polystyrene chain radical by TEMPO radical. (After Georges et al., 
1993.) 
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was estimated to be 2.1x107!! mol L~! (Fukuda et al., 1996). The value is very low showing that 
the equilibrium between dormant chains (P—N) and active chains (P* ) heavily favors the dormant 
state, which reduces the radical (P* ) concentration sufficiently to limit irreversible bimolecular 
termination (combination and disproportionation) and transfer reactions. 


11.2.1 Monomers 


The key to success in synthesizing polymers with narrow polydispersity and well-defined chain 
end structure by carrying out free-radical polymerization in the presence of nitroxide SFRs such 
as TEMPO, is the essentially simultaneous initiation and reversible termination of the polymer 
radical with the SFR (Georges et al., 1994). However, the dissociation such as depicted in Fig. 
11.4 for the polystyrene (PSt)-TEMPO adduct is known to occur in a limited number of systems (at 
high temperatures). A versatile use of the simple TEMPO-based SFRP is therefore not possible. 
For example, attempts to perform SFRP of monomers such as acrylonitrile (AN), methyl and ethyl 
acrylates (MA and EA), and 9-vinylcarbazole (VCz) with benzoyl peroxide (BPO) and TEMPO 
have not been successful. Interestingly, however, styrene has been successfully copolymerized (see 
Section 11.2.4) with these monomers using BPO initiator and TEMPO under a “living” fashion 
(Fukuda et al., 1996). 


11.2.2 Stable Nitroxide Radicals 


Most studies on stable nitroxide radical-mediated polymerization are made with TEMPO or a 
substituted TEMPO, such as, 4-methoxy-2,2,6,6-tetramethyl-piperidine-1-oxy (MTEMPO) as the 
stable counter radical. However, the bond formed between the polymer radical and these nitroxides 
becomes labile around 120°C. This high temperature favors thermal polymerization as also side 
reactions, such as transfer or termination by dismutation between the growing chain and the stable 
radical (Jousset et al., 1997). To minimize these reactions, a more hindered radical, namely, di- 
tert-butyl nitroxide (II), produced from the compound (III) can be used. 


CH;—G <_CH, C 
CH 
e. CH 
i i 
(i) (I) 


Heated, the compound (IID) leads to the formation of a di-tert-butyl nitroxide radical (II) and 
an alkyl radical, CeHs5C* (H)CHs, that exhibits a chemical structure similar to that of the styryl 
radical. The choice of (III) as the capping agent comes from its absence of reactivity toward 
alkenes and from the low strength of the bond formed with the active site (Catala et al., 1995). 
It allows free radical polymerization of styrene and substituted styrene monomers at 90°C with 
complete control of the molecular weight and monomer consumption (Joussel et al., 1997). 


11.2.3 Mechanism and Kinetics 


The NMP or SFRP is based on capping the active sites located at the chain ends by a stable ni- 
troxide radical (SNR). This termination type reaction is thermoreversible as represented by Eqs. 
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Figure 11.5 General scheme of SNR-mediated controlled/living radical polymerization methods. [cf. Eq. 
(11.10) and Fig. 11.4.] 


(11.10) and (11.11). As shown in the general scheme for SFRP methods in Fig. 11.5, free radicals 
(P° ) generated by the spontaneous thermal process can undergo propagation as well as irreversible 
bimolecular termination and transfer reactions like in a usual free-radical system. This distin- 
guishes the SFR-mediated polymerization from genuine living polymerization and so the former 
is often referred to as pseudo-living or “living” radical polymerization (Fukuda et al., 1996). 

An SFRP process can be performed by heating a styrenic monomer with polymer- or alkyl- 
TEMPO adduct, P-N, added as the initiator. However, initiation of a living radical polymerization 
is generally done by using classical initiators such as AIBN or benzoyl peroxides, which are added 
to the monomer containing the SNR. Besides thermal radicals, active species P* are generated by 
the P-N adduct in the former case and both by the added initiator and P-N adduct in the latter case. 
SNRs being well-known as free-radical inhibitors and not known to initiate polymerization, there 
would be little concern with SNRs initiating new chains. Furthermore, SNRs have been shown to 
promote the dissociation of peroxide initiators and, therefore, could contribute to enabling all the 
polymeric chains to initiate at the same time (Georges et al., 1993), as required for CRP. 

While the SNR-mediated polymerization process comprises heating a mixture of monomer(s) 
and P-N adduct (that acts both as an initiator and a controlling agent), or a mixture of monomer(s), 
free-radical initiator, and SNR (or P-N adduct), the best temperature of polymerization, deter- 
mined by experiments, is the one that leads to (i) a fast initiation rate as compared to the prop- 
agation rate; (ii) a fast equilibrium between the active species and the dormant ones; (iii) a low 
concentration of active species in order to minimize the termination and/or transfer reactions; and 
(iv) a negligible thermal polymerization (of styrenic monomers). For example, the rate of forma- 
tion of thermal radicals in styrene is equal to 1.6x1078 mol L7! s7! at 100°C, 0.6x1078 mol L7! 
s7! at 90°C, and 0.2x1078 mol L7! s7! at 80 °C (Catala et al., 1995). At higher temperature, 
the formation of thermal radicals which recombine with the growing radicals contribute to a de- 
crease of the number of the active sites with time leading to a higher polydispersity index, which 
is undesirable. On the other hand, though at a lower temperature the thermal polymerization can 
be neglected (when compared to the initiator concentration used), the temperature should not be 
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so low that the initiation rate and the equilibrium exchange between the growing radical and the 
dormant species are not sufficiently fast to provide a good polydispersity index. Thus, for SNRP 
of styrenic monomers, 90°C appears to be an appropriate temperature. 

The three main requirements for an ideal SNR-mediated living/controlled free-radical poly- 
merization are: (i) essentially simultaneous initiation; (ii) reversible reaction of SNR given in Eq. 
(11.10); and (aii) no important degree of irreversible termination, if any. Under these conditions, 
one would expect the system to be described by a simple kinetic scheme, as described below. 

The free radical polymerization that includes the reversible reaction in Eq. (11.10) may gener- 
ally be described by the following differential equations (Fukuda et al., 1996): 


d[P:]/dt = Ri — 2k [P]? + ka[P-N] — k[P*][N°] (11.12) 


d[N:]/dt = ka[P-N] — ke[P*][N*] (11.13) 


where R; is the rate of initiation due to an initiator and/or thermal initiation and k; is the mutual 
termination rate constant for polymer radicals. 

Now let us consider a system composed of PS-TEMPO (denoted as P-N) adduct and monomer 
styrene with no extra N* added. When the system is heated to a sufficiently high temperature 
where the adduct dissociation takes place, the concentration of P* and N° will start to increase 
from 0 up to the values determined by the equilibrium constant K. Since P* /P* biradical termi- 
nation will continually reduce [P° ] relative to [N° ], polymerization will eventually stop because 
of numerous N° radicals accumulated in the system. However, if initiation also takes place in the 
system, the newly formed radicals will combine with N" preventing its accumulation and a station- 
ary state for both [N°] and [P+] will be reached. Setting d[P" ]/dt = 0 in Eq. (11.12) and d[N: ]/dt 
= 0 in Eq. (11.13), and using Eq. (11.11), one then has 


[P-] = (Ri/2k)"? (11.14) 
[IN:] = K[P-N]/[P*] (11.15) 
The stationary rate of polymerization, Rp = —d[M]/dt, is given by 
k2 1/2 
Rp = k[P:][M] = (= [M] R! (11.16) 
t 


where [M] is the monomer concentration and kp is the propagation rate constant. Equation (11.16) 
is the same as Eq. (6.23) for the conventional system. It thus implies that the polymerization rate is 
independent of the adduct concentration and equal to that of the adduct-free system (see Problem 
11.1). 


Problem 11.1 | A TEMPO-mediated polymerization of styrene (St) was carried out (Goto and Fukuda, 
1997) as follows: A mixture of benzoyl peroxide (0.072 mol L7}), TEMPO (0.086 mol Ely; and St (0.90 
g mol7!), degassed and sealed off under vacuum, was heated at 90°C for 1 h. There was no formation of 
polymer as shown by GPC. Then the system was heated at 125°C for 5 h to yield a polymer (recovered by 
precipitation in excess methanol) with M, = 1700 and M,,/M,, = 1.11. Analysis showed that this polymer 
(PSt) had a TEMPO molecule at the chain end and so it was termed a PSt-TEMPO adduct. In chain extension 
tests, styrene (St) was polymerized at 114°C using in one case (System I) only PSt-TEMPO, 10 wt% (0.049 


576 Chapter 11 


mol L~!) as the initiator and in another case (System II) t-butyl hydroperoxide (BHP) (0.036 wt% or 4.0x 1073 
mol L) in addition to PSt-TEMPO (10 wt%) as initiators in the same reaction mixture. 


The concentration of styrene in the two systems and molecular weight of the polymer formed were 
measured periodically. Selected data derived from these measurements are given below. 


(h) | In(M/M) In([M]o/[M]) 


1 
2 
3 
4 
5 


Note: The conversion data are read from experimental graph and M,, values 
are obtained by interpolation of experimental data (Goto and Fukuda, 1997). 


(a) Even in the absence of an externally added initiator, styrene undergoes thermal polymerization, the rate 
of which is given by (Rp)o/[M]o = 2.4x10~> s7! at 114°C (Hui and Hamielec, 1972). Compare this with the 
initial rate of polymerization in System I. [For thermal polymerization of styrene under initial conditions: 
(KZko = 0.880x105 exp(—6270/T) L/mol-s (Hui and Hamielec, 1972).] 


(b) Calculate the polymer molecular weight vs. conversion in the two systems (for comparison with the 
given values) based on the assumption of a constant number of polymer molecules due to PSt-TEMPO adduct 
throughout the course of polymerization. 


(c) Calculate the number of new chains initiated in the two systems, compared to the number of chains 
introduced by PSt-TEMPO adduct. 


(d) Compare the rate of polymerization of styrene in the two systems and discuss its significance with respect 
to the characteristics of living/controlled free radical polymerization. 


Answer: 
(a) Approximating (1—e7*"*) by kgt/2, Eq. (6.29) becomes 


/2 
mtr (P11.1.1) 
Differentiating Eq. (P11.1.1) and comparing with Eq. (6.24) for the initial state, 


dln([M]/[IM) _ (Rp)o (P11.1.2) 
at = Mh i 


Since In([M],/[M]) vs. time is essentially linear, (Rp)o/[M]o = 0.0615/3600 or 1.7x1075 s7! for System I 
(without BHP). Since this value is comparable to (and somewhat less than) the purely thermal polymerization 
rate, (Rp)o/[M]o = 2.4x1075 s7}, R p can be considered to be essentially unchanged by the presence of the 
adduct PSt-TEMPO. [This phenomenon was verified experimentally for styrene polymerization with a PSt- 
TEMPO (Fukuda et al., 1996) or a low-mass model adduct (Catala et al., 1995).] 


(b) If it is assumed that during polymerization, growth takes place only on polymer species of the PSt-TEMPO 
adduct and no new chains are initiated, polymer molecular weight (M,,) as a function of monomer conversion 
(p) will be given by 


m, =- W aS. (P11.1.3) 
Na 
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Figure 11.6 Molecular weight, M,, dependence on monomer conversion for bulk polymerization of styrene 
at 114°C with only PSt-TEMPO adduct initiator (System I) and with both PSt-TEMPO and t-butyl hydroper- 
oxide initiators (System II). The theoretical line represents molecular weight calculated on the assumption of 
a constant number of polymer molecules (due only to PSt-TEMPO adduct) throughout the course of poymer- 
ization (Problem 11.1). 


where Wy, is the mass (g/L) of monomer, N4 is the number (mol L) of PSt-TEMPO adduct molecules, and 
(Mn) is the initial molecular weight of the adduct. 


The conversion p is related to In([M]/[M]) by 


=- M - L- [exp (m E) (P11.1.4) 


Thus for System I, att = 1 h, ln([M];/[M]) = 0.0615, p from Eq. (P11.1.4) is 0.0596. So from Eq. 
(P11.1.3), 


00 x0.0596 
m, = 200x0.0596 i700 = 2795 
0.049 


Similarly, M, values are calculated at different conversions for both the Systems I and II and are shown in 
Fig. 11.6 as a ‘theoretical line’ to compare with the given M, values. Clearly, the molecular weight increases 
linearly with conversion, meeting a criterion of living polymerization at least approximately. 


(c) From Eq. (11.16) at t =0, 


-1 
o . (RF Cs 
(Ria = (T) Ë , (P11.1.5) 
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At 114°C 


(Kk, Iki), 0.880 x 10° exp(—6270/387) 


8.09 x 107? L mol! s7! (P11.1.6) 


System I: 


(Ri) = 2(1.7x10% s7!)? /(8.09 x107? L mol™! s7!) 
0.714x 1077 mol L7! s7! 


Number of chains initiated in 5 h (maximum estimate) 
= (0.714x10~7 mol L7!s~!)(5x3600 s) = 1.286x107? mol L7! 


It is only 2.6% of [PSt-TEMPO] = 0.049 mol L7! added to the system. Its effect on M, is therefore not 
significant. 


System IT: 


From Eq. (P11.1.2) and given data, 
(Rp)o/[M]y = 0.1846/3600 or 5.128x 10> s~! 


From Eq. (P11.1.5) and (P11.1.6): 
(Rio = 2(5.128 x 10> s~!)?/(8.09x 1073 L mol"! s7!) = 650x107? mol L~! s7! 


Number of chains initiated in 5 h (maximum estimate) : 


= (6.50x10-7 mol L7! s~!)(5x3600 s) = 1.17x107? mol L7! 


It is still only about 23% of the initiator adduct [PSt- TEMPO] added to the system. 


(d) The conversion versus time data are plotted in Fig. 11.7. These are essentially straight lines, showing that 
the order in monomer is equal to unity (see Eqs. (6.24) and (P11.1.1)) and indicating that the concentration of 
the active species remains constant, which is a criterion of a living polymerization. It is suggested (Fukuda et 
al., 1996) that the constant concentration of active radicals comes from the establishment of a stationary state 
due to the competition between generation of thermal radicals and termination of growing chains (Jousset et 
al., 1997). 


It may be recalled that the rate of polymerization in System I (without BHP) is comparable to (though 
somewhat less than) the thermal polymerization rate, as shown in (a). However, the rate of polymerization 
in System II (with BHP) is much higher than the thermal polymerization rate. This is in agreement with the 
proposition (Hammouch and Catala, 1996) that the generation of radicals in the medium (through the addition 
of a radical initiator) controls the rate of polymerization while the amount of PSt-TEMPO or the alkoxyamine 
controls the molecular weight. 
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Figure 11.7 Conversion-time plot for polymerization of styrene in bulk at 90°C with only PSt-TEMPO 
adduct initiator in System I and with both PSt-TEMPO and t-butyl hydroperoxide initiators in System II 
(Problem 11.1). 


11.2.44 Copolymerization 


Though monomers other than styrene (St) and its derivatives, such as acrylonitrile (AN), methyl 
and ethyl acrylates (MA and EA), and 9-vinylcarbazole (VCz), give no polymer (or no well- 
defined polymer) by TEMPO-based SFRP, they are found to take part in copolymerization with 
styrene. In a typical experiment, styrene mixed with BPO (0.015 mol L~!) and TEMPO (0.018 
mol L~!) was preheated at 95°C for 3.5 h to allow BPO to decompose completely and further 
heated at 125°C for 5.5 h to yield a PSt with M, = 2.2x10* and Mw /M,, = 1.18 (conversion 31%). 
This PSt, purified by reprecipitation (with chloroform/methanol) had a TEMPO molecule at the 
chain end, and was used for block copolymerization in which 22 parts by weight of the same PSt 
was dissolved in 78 parts of an St/AN azeotropic mixture (mole fraction of St in the feed, fi = 
0.63) and heated at 125°C for 10 h, yielding a diblock copolymer, PSt-PStAN, comprising a PSt 
and a random PStAN copolymer sequence with composition of F; = 0.63 (see Section 7.2.3 for 
definitions of fı and F). Results of similar experiments with MA, EA, and VCz comonomers 
are shown in Table 11.1. It is suggested that the penultimate unit effect, which strongly affects 
the radical reactivity or stability in most systems, may also have something to do with the dis- 
sociation of the TEMPO adducts of the otherwise undissociative growing radicals (Fukuda et al., 
1996). The success of these “living” radical copolymerizations stimulated further work to synthe- 
size block copolymers comprising random copolymer sequence(s) with narrow polydispersities 
(Hawker, 1995). Various combinations of the above mentioned monomers are possible, leading to 
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synthesis of a new group of block copolymers that did not exist before. 


Table 11.1 TEMPO-mediated Copolymerizations of Styrene with Various Monomers at 125°C 


Comono- [BPO] [TEMPO] Time Conv. 
mer (mol/L) (mol/L) fi (h) (wt%) Fi Mn M,,/M, 
AN 0.07 0.07 0.63 10 69 0.64 16000 1.23 
MA 0.03 0.037 0.77 16 61 0.82 13000 1.24 
EA 0.03 0.037 0.77 15 49 0.83 23000 1.18 
VCz 0.06 0.063 0.79 15 60 0.91 38000 1.27 


Source: Fukuda et al. (1996). 


As shown above, living free radical system, based on TEMPO as a mediating counter-radical, 
occurs by a modified free-radical polymerization process which could permit the preparation of 
well-defined random copolymers. Thus, using the hydroxy derivative of TEMPO, 2-pheny]-2- 
[(2,2,6,6-tetramethyl-piperidino)oxy]-1-ethanol (IV) 


HO 


(IV) 


as the unimolecular initiator (Hawker, 1995), a variety of monomers were copolymerized (Hawker 
et al., 1996), e.g., methyl methacrylate, n-butyl acrylate, acrylonitrile, hydroxyethyl methacrylate, 
p-(hydroxymethy]l) styrene, p-(chloromethyl)styrene, and N-vinylpyrrolidone, with styrene to give 
well-defined copolymers. Thus, heating a neat mixture of styrene and butyl acrylate (feed ratio 
8:2) at 130°C for 72 h resulted in an 81% yield of copolymer (Fig. 11.8) with M, of 9000 and 
a polydispersity of 1.22. Styrene was similarly copolymerized with methyl methacrylate using 
various feed ratios (Table 11.2). For all the copolymers, proton NMR analysis confirmed that the 
ratio of repeat units in the copolymer was essentially the same as that expected from the feed 
ratio. Though the polydispersity is observed to increase as the styrene ratio decreases, for both 
the methyl methacrylate and n-butyl acrylate series, the control over macromolecular structure is 
significantly greater than with classical free-radical techniques, with the observed polydispersities 
for all copolymers with greater than 50% styrene being below the theoretical lower limit of 1.50 
for a normal free-radical process (Hawker et al., 1996). 
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Figure 11.8 Random copolymerization of styrene with either (1) methyl methacrylate or (2) butyl acrylate 
by nitroxide-mediated living free-radical procedures. (Drawn following the synthesis method of Hawker et 
al., 1996.) 


Table 11.2 Random Copolymers of Styrene and either Methyl Methacrylate or n-Butyl Acrylate prepared 
by Living Free-Radical Process 


Styrene? Methyl methacrylate n-Butyl acrylate 


(%) M, PD? M, PD? 
90 9,400 1.13 9,500 1.14 
80 8,800 1.23 9,000 1.22 
70 8,100 1.29 7,800 1.33 
60 7,100 1.32 8,000 1.29 
50 6,600 1.49 6,900 1.44 
40 6,800 1.60 6,400 1.52 
30 6,400 1.67 6,500 1.65 


Source: Hawker et al. (1996). 
@Molar percentage of styrene in feed mixture; ’Polydispersity = M,/Mp. 


The tacticity of the random copolymers prepared by living free radical polymerization is also 
found to have the same sequence distribution and tacticity as those prepared by normal free-radical 
methods. Besides low polydispersities, another advantage of living free radical polymerization is 
that the chain ends can be controlled to a degree previously only obtainable with more demand- 
ing techniques. In one example, a pyrene-ended styrene-methyl methacrylate copolymer (VI) 
was prepared by living free radical polymerization using the unimolecular initiator (V), which 
in turn was prepared by esterification of pyrene-1-butyryl chloride with (IV) in the presence of 
4-(dimethylamino)pyridine (see Fig. 11.9). 

While the living free-radical polymerization of styrene from an alkoxyamine can lead to nar- 
row polydispersity polymers, these having the nitroxyl radical at the terminals can be expected 
to behave as polymeric counter radicals for propagating polymeric radicals. The use of such 
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Figure 11.9 Synthesis of a pyrene-ended random copolymer of styrene and methyl methacrylate by nitroxide 
mediated living free-radical procedure. (Drawn following the synthesis method of Hawker et al., 1996.) 


polymeric counter radicals results in the formation of block copolymers by living radical poly- 
merization. While in this case, both the block sequences are made by the same living free-radical 
procedures, using the hydroxy functionalized unimolecular initiator (IV) the living free-radical 
procedure can be combined with another living polymerization procedure, namely, living ring- 
opening polymerization. In other words, (IV) can be used as a bifunctional initiator. This aspect 
is further elaborated below. 

One of the major advantages of living free-radical chemistry, when compared to other living 
procedures for the polymerization of vinyl monomers, is the stability of the initiating, or prop- 
agating, centers (Hawker et al., 1998). This made possible the development of a wide variety 
of functionalized unimolecular initiators, including (IV), for the synthesis of well-defined linear 
polymers (Hawker, 1994), block copolymers (Fukuda et al., 1996), and other complex polymer 
structures (Hawker, 1995) by combining living free radical procedures with a wide variety of 
other living polymerizations. A significant advantage of this synthetic strategy is that novel block 
copolymers can be prepared using mild conditions and a minimum number of steps without the 
need for intermediate functionalization reactions to convert the propagation center of one block 
into an initiating site for polymerization of another monomer to produce a second block. The 
block copolymers thus obtained have been shown to have low polydispersities and controllable 
molecular weights for both the blocks. Problem 11.2 presents an example of successful synthesis 
of diblock copolymers by a sequential two-step method without any transformation or activations 
of intermediates. Problem 11.3, on the other hand, presents an example, which shows that a living 
polymer obtained by ROP can be capped by nitroxide and used to initiate living radical polymer- 
ization of a second monomer, yielding a di-block copolymer in which the nitroxide moiety serves 
as a bridge between the blocks. 
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Problem 11.2 The hydroxy-functionalized alkoxyamine (IV) can be used (Hawker et al., 1998) to perform 
either the living ring opening polymerization (ROP) of e-caprolactone, or the living free radical polymeriza- 
tion of a vinyl monomer leading to narrow polydispersity polymeric initiators, which can then be directly 
used to initiate the living polymerization of other monomer systems. With this approach, give outline of a 
scheme for the preparation of a diblock copolymer, polystyrene-b-polycaprolactone, using the aforesaid dual 
initiator, (IV). 

Answer: 

The dual or double-headed initiator, (IV), contains a single primary alcohol, which can be used as the initiat- 
ing center for the living ROP of cyclic lactones, as well as a secondary benzylic group which is an efficient 
initiator for the nitroxide-mediated living free radical polymerization of vinyl monomers. The basic outline 
for the polymerization strategy is shown in Scheme P11.2.1. The ROP of e-caprolactone with (P2-I) (same 
as (IV) as initiator and a catalytic amount of aluminum tris(isopropoxide) as a promoter (Dubois et al., 1996; 
Duda, 1996), gives polycaprolactone (P2-ID) having single alkoxyamine chain end per macromolecule. The 
polycaprolactone, (P2-II), can then be used to perform nitroxide-mediated living free radical polymerization 
of vinyl monomers, such as styrene, to give (requiring no intermediate steps) a low polydispersity block 
copolymer, (P2-IIT). Alternatively, (P2-I) may be used to first carry out the nitroxide-mediated polymeriza- 
tion of styrene, giving hydroxy-terminated polystyrene, (P2-IV). The hydroxy chain end can then be used 
to initiate the living ROP of e-caprolactone (again without any intermediate transformation steps) to give 
the block copolymer, (P2-III), which is obtained in high yield, has low polydipersity index (~ 1), and its 
molecular weight can be controlled by monomer ratio. 
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Scheme P11.2.1 Copolymerization of styrene and e-caprolactone (Problem 11.2). (Drawn following the 
synthesis method of Hawker et al., 1998.) 


584 Chapter 11 


Problem 11.3 Suggest a scheme for the preparation of poly(styrene-b-tetramethylene oxide) block copoly- 
mer using living polymerizations. 


Answer: 


A strategy for this synthesis could be to first prepare poly(tetrahydrofuran, THF) having a nitroxyl radical 
at its chain end (PTN) by the reaction of living poly(THF) with sodium 4-oxy-TEMPO and then apply it 
as a counter radical in living radical polymerization (Yoshida and Sugita, 1996). Living poly(THF) can be 
prepared (see Section 10.2.1.2) by cationic polymerization of THF using methyl trifluoromethanesulfonate 
as an initiator in bulk at room temperature for about 7 min under nitrogen. The living cationic poly(THF) 
thus obtained is subjected to the reaction with sodium 4-oxy-TEMPO (which is prepared by the reaction 
of 4-hydroxy-TEMPO with sodium hydride in THF). The polymer PTN, isolated and purified by repeated 
washing of the hexane solution of the product with water, is highly viscous and red, indicating the presence 
of the living nitroxyl radical. 


Radical polymerization of styrene is then performed with BPO as an initiator in the presence of PTN. The 
polymerization is carried out in bulk at 125°C after being held at 95°C for 4h. The outline of the procedure 
is shown in Scheme P11.3.1. 


NaO -0 

CB,SO,CH, + 

- CH; — 
RT, 7 min si THF, 0°C -RT, 60 min 

CF;SO; 
O 
CH; O -0O + CB,SO;Na 
n 
PTN 7 
BPO, 


95°C (4h), 125°C 


Scheme P11.3.1 Preparation of block copolymer consisting of poly(THF) and polystyrene blocks joined by 
a nitroxide bridge (Problem 11.3). (Drawn following the synthesis method of Yoshida and Sugita, 1996.) 
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Although the traditional method of synthesizing block copolymers by sequential polymeriza- 
tion of corresponding monomers by the same chemistry (e.g., anionic polymerization), may be 
successful, its extension to comonomers which do not polymerize by the same chemistry is es- 
sentially a challenge. Two strategies have been proposed in this case, namely, (a) the coupling of 
preformed polymers with functional groups at chain ends and (b) using macromolecular initiator 
for the polymerization of the second monomer. The second strategy usually requires a series of 
transformation reactions to convert the propagation center of the first block into an initiating site 
for polymerization of the second monomer. Whichever method is used, two polymerization steps 
cannot be avoided, however. 

A new strategy has been proposed for the one-step synthesis of block copolymers, based on 
living/controlled free-radical process. It involves the use of an asymmetric difunctional initiator 
that is able to start simultaneous polymerization of two comonomers by different polymerization 
chemistries in such a way that this initiator remains attached to each type of the growing chain 
(Mecerreyes et al., 1998). The implementation of one-step synthesis is not simple, however. The 
two catalysts must be tolerant to each other as also to the two comonomers and the reaction tem- 
perature must be closely controlled. Living radical polymerization and ROP by coordination and 
insertion can meet these requirements. 


Problem 11.4 Suggest a scheme for preparing poly(styrene-b-ethyleneimine) by a one-step, one-pot si- 
multaneous block copolymerization using a bifunctional initiator for controlled/living polymerization pro- 
cesses. 


Answer: 


The scheme P11.4.1, outlined below for the simultaneous cationic ROP and controlled free radical polymer- 
izations, is based on the methods that were first used and experimentally verified by Weimer et al. (1998). 
A multifunctional initiator, such as (P4-I), containing orthogonal reactive sites for CRP and ROP is used. 
This alkoxyamine adduct, namely, benzoic acid 2-(4-chloromethy])pheny1)-2-(2,2,6,6-tetramethy] piperidin- 
1-yloxy) ethyl ester, can be prepared (Puts and Sogah, 1997) by heating a solution of benzoyl peroxide and 
TEMPO in 4-vinylbenzyl chloride at 80°C for 24 h, followed by purification by chromatography. 


First, the compound (P4-D) is treated with silver triflate (AgOTf, TfOH = CF3SO3H) followed by ad- 
dition of excess 2-phenyl-2-oxazoline (PhOXA) at 25°C. This leads to the formation of the corresponding 
triflate salt (P4-ID) in a pool of PhOXA (Scheme P11.4.1). Styrene is then added to the mixture of (P4-ID and 
PhOXA at 25°C, followed by heating the mixture at 125°C for 10 h. Simultaneous polymerization of both 
monomers occurs yielding (P4-III), which is then quenched with methanol to give (P4-IV) in good yield. (In 
the absence of AgOTf, the reaction is found to be too slow.) The polymeric oxazoline segment in the copoly- 
mer is then hydrolyzed in aqueous hydrochloric acid to give the corresponding poly(styrene-b-ethyleneimine) 
(P4-V). 


Though graft and star polymers are traditionally prepared by anionic and cationic polymer- 
ization or by group transfer polymerization, these techniques suffer from rigorous synthetic con- 
ditions and incompatibility with a wide range of monomer units. In view of this, a free radical 
approach to the preparation of graft and star polymers with the same degree of macromolecular 
control as the above techniques but without their synthetic drawbacks has always been a goal of 
synthetic polymer chemistry. Significant progress toward this goal has been achieved through 
living free radical methodology which allows the synthesis of star and graft copolymers with 
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Scheme P11.4.1 One-pot synthesis of poly(styrene-b-ethyleneimine) block copolymer (Problem 11.4). (Drawn 
following the synthesis method of Weimer et al., 1998.) 


controlled molecular weights and low polydispersities under mild conditions. Thus, Hawker 
(1995) synthesized a three-arm star polymer with polystyrene arms (Fig. 11.10), using a tri- 
functional initiator (VII) that contained three initiating styrene-TEMPO groups and was obtained 
(in 71% yield) by reaction of (IV) with 1,3,5-benzenetricarbonyl chloride in the presence of 4- 
dimethylaminopyridine and pyridine in THF solution. Bulk polymerization of 200 equivalents of 
styrene with (VII) at 130°C for 72 h was found to give polystyrene (VIII in 84% yield with M, 
= 16500 and PDI = 1.20, as compared to the theoretical M, = 21000 with each arm having a 
M,, of 7000. The discrepancy in molecular weight was attributed to lower hydrodynamic volume 
of a star polymer as compared to a linear polymer. It may be noted that the polymerization of 
styrene monomer in the presence of (VID, leading to the formation of (VIID, takes place by the 
insertion of styrene units between the TEMPO and styrene units of (VII). It was demonstrated 
(Hawker, 1995) that the TEMPO linkage is stable to hydrolysis conditions, suh as treatment with 
KOH. Thus, the hydrolysis of (VIII) by KOH releases the individual arms as linear polystyrene 
molecules each with a nitroxide and a hydroxyl end group (IX) (see Fig. 11.10). 
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Figure 11.10 Synthesis of three-arm star-shaped polystyrene by TEMPO-mediated living radical polymer- 
ization and hydrolysis to TEMPO-capped linear polystyrene. (Drawn following the synthesis method of 
Hawker, 1995.) 


The lack of termination step in SFRP also opens up the possibility of using this polymerization 
process to prepare graft systems. One approach to synthesis of graft systems using TEMPO-based 
SFRP involves initial synthesis of a monomer unit incorporating the styrene-TEMPO group, fol- 
lowed by styrene polymerization under normal free radical conditions, and then followed again 
by a living free radical polymerization at a higher temperature with a second feed of styrene and 
comonomer (see Problem 11.5) to give grafts of controlled molecular weight and low polydis- 
persity. This ability to conduct one free radical polymerization followed by another by simply 
increasing the temperature and adding a new monomer, may open new paths to unusual macr- 
molecular architectures. Unusual graft copolymers can be readily prepared by this living free rad- 
ical technique from monomers which cannot be polymerized by better known anionic or cationic 
techniques. The molecular weights of the arms can be controlled by varying the equivalents of 
monomer added while maintaining very low polydispersities. It is believed that the novel polymer- 
ization process offers the architectural control obtainable only under synthetically more rigorous 
anionic or cationic conditions (Hawker, 1995). 
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Problem 11.5 Devise a synthetic scheme, using TEMPO-based SFRP, to obtain graft copolymers of con- 
trolled molecular weight and low polydispersity, in which random copolymers of styrene (St) and ethyl acry- 
late (EA) containing about 0.2 mole fraction of EA are grafted onto polystyrene (PS) chains. 


Answer: 


A synthesis procedure based on the strategy that living free radical polymerization occurs at a higher tempera- 
ture than conventional free radical polymerization, is shown in Scheme P11.5.1. The first step in this Scheme 
is to synthesize a monomer unit (P5-II) containing a styrene-TEMPO group as well as bound styrene. To 
achieve this, using the same proportions as used by Hawker (1995), the hydroxy derivative of TEMPO, 
namely, 2-phenyl-2-[(2,2,6,6-tetramethylpiperidine)oxy]-1-ethanol (P5-D (3.6 mmol) in THF (20 mL) is re- 
acted with p-chloromethylstyrene (10.0 mmol) in the presence of sodium hydride (5.0 mmol) at room tem- 
perature. Copolymerization of (P5-ID (1.15 mmol) with styrene (23.0 mmol) is conducted under normal 
conditions using azobisisobutyronitrile (AIBN) (0.23 mmol) as an initiator in refluxing THF (20 mL) at 
65°C. This results in copolymer (P5-III), which is obtained as a white solid by evaporating the reaction 
mixture to dryness, redissolving in dichloromethane, and precipitating into methanol. Containing pendant 
styrene-TEMPO groups (depending on the relative proportions of (P5-II) and styrene in feed, (P5-IID) acts 
as the polymeric initiator. A solution of (P5-IID (0.085 mmol) in styrene (14.0 mmol) and ethyl acrylate 
(3.5 mmol) is heated at 125°C with stirring under nitrogen for 72 h. The reaction mixture is dissolved in 
dichloromethane and precipitated into methanol. (Note: As the results in Table 11.1 show, in TEMPO- 
mediated copolymerization of St and EA the ratio of repeat units in the copolymer is essentially the same as 
that expected from the feed ratio.) 


A goal of research has been to design a multifunctional reagent that can serve as an initiator for 
multiple living polymerizations (namely, controlled free radical, anionic, and cationic polymeriza- 
tions) and also can serve as a source for a variety of macromonomers including those for conden- 
sation polymerization and functional polymers. Puts and Sogah (1997) designed and synthesized 
such a novel multifunctional compound (X, Fig. 11.11) containing an alkoxyamine, an oxazoline, 
and a protected hydroxyl group. The compound (X) is 1-{2-((tert-butyldimethylsilanyl)oxy)-1-{4- 
[2-4,5-dihydro-oxazol-2-yl)ethylpheny] } ethoxy }-2,2,6,6-tetramethylpiperidine and has character- 
istics that enable reactive sites to be accessed independently. Thus alkyl adducts of nitroxy] rad- 
icals can initiate controlled free radical polymerization and neutral oxazolines, which are stable 
toward free radical and anionic reactions, can undergo cationic ring-opening polymerization, while 
the @-position with respect to the oxazoline, being relatively acidic, can serve as a carbanion source 
to initiate anionic vinyl polymerization. These possibilities are indicated in Fig. 11.11. 

Living free radical polymerization of styrene with (X) as initiator can be carried out at 135°C to 
give oxazoline-ended polystyrene macromonomer/macroinitiator (see Fig. 11.12). Subsequently, 
cationic ROP of the oxazoline group can be carried out. For example, initiation by methy] triflate, 
i.e., methyl trifluoromethane sulfonate (CF3SO3CH3) in o-dichlorobenzene at 140°C produces 
cationic homopolymerization of oxazoline (see Section 10.2.1.2) yielding a comb polymer with a 
hydrophilic poly(ethyleneimine) backbone (Fig. 11.12). The comb polymer still possesses pro- 
tected alcohol groups that can be readily converted to initiator sites for polymerization of such 
monomers as lactones, lactides, and epoxides. Since the oxazoline and the TBDMS-protected hy- 
droxyl groups are stable under the free radical conditions employed (Puts and Sogah, 1997) and 
since each initiating site of (X) can be addressed selectively and independently, one-pot synthesis 
for a variety of complex functional polymers is possible. 
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Scheme P11.5.1 Graft copolymer synthesis: random copolymer of styrene and ethyl acrylate grafted onto 
polystyrene (Problem 11.5). (Drawn following the synthesis method of Hawker, 1995.) 


11.2.5 Aqueous Systems 


Since functional groups which impart water solubility to monomers and polymers are not compat- 
ible with ionic polymerization systems, requiring these groups to be protected prior to polymeriza- 
tion and deprotected thereafter, narrow polydisperse water-soluble polymers cannot be prepared 
directly by conventional (anionic/cationic) living polymerization systems. In contrast, stable free 
radical polymerization (SFRP) in water-based systems, which has been studied intensely in recent 
years (as it combines the environmental and technical advantages of polymerization in aqueous 
dispersed media), provides a novel, direct route to water-soluble narrow-polydispersity resins of 
controlled structures. Nearly all aqueous systems have been investigated, ranging from homoge- 
neous solution to heterogeneous dispersed systems, such as aqueous alcoholic dispersion, aqueous 
suspension, seeded emulsion, ab initio emulsion, and miniemulsion. Various nitroxides used as 
mediators and various alkoxyamines used as initiators in living radical polymerization in aqueous 
dispersed systems are summarized in Figs. 11.13 and 11.14, respectively. 
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Figure 11.11 A multifunctional reagent containing orthogonal reactive sites for controlled free-radical, an- 
ionic, and cationic polymerizations. (From Puts and Sogah, 1997. With permission from American Chemical 
Society.) 
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Figure 11.12 Different types of polymerizations with multifunctional reagent (X): living radical polymer- 
ization of styrene followed by cationic ring-opening homopolymerization of the resulting oxazoline-ended 
macromonomer. (From Puts and Sogah, 1997. With permission from American Chemical Society.) 
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Figure 11.13 Various nitroxides used as mediators in controlled radical polymerization in aqueous dispersed 
systems. 
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Figure 11.14 Several alkoxyamines used as initiators in controlled radical polymerization in aqueous dis- 
persed systems. 
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To carry out SFRP in homogeneous aqueous solutions, the radical mediator, as also the monomer 
and the polymers, should be soluble in the medium. A number of water-soluble monomers 
have been polymerized by the living radical process (Qiu et al., 2001). They include uncharged 
monomers, such as 2-hydroxyethy] acrylate, 2-hydroxyethyl methacrylate, oligo(ethylene glycol) 
methacrylate, 2-(dimethylamino)ethyl methacrylate, acrylic acid, etc., and charged/ionic monomers, 
such as sodium methacrylate, sodium vinylbenzoate (NaVBA) and sodium styrene sulfonate (NaSS). 

Solution polymerizations of NaSS and NaVBA were carried out in aqueous ethylene glycol 
mixture (75-80% ethylene glycol) at 120-125°C, using TEMPO as the radical mediator and potas- 
sium persulfate/sodium bisulfite as the initiator. While homopolymerization of NaSS (Keoshkerian 
et al., 1995) gave high conversion (>90%) and it was possible to vary the molecular weights from 
very low (8000) to very high (900,000), maintaining narrow polydispersities (1.1 to 1.3), the ho- 
mopolymerization of NaVBA only gave relatively low conversion (<30%), though chain extension 
of TEMPO-terminated poly(NaSS) resins with NaVBA was reasonably efficient, yielding water- 
soluble block copolymers. However, the acid forms of the monomers, namely styrene sulfonic acid 
and vinyl benzoic acid, were not polymerizable at all by SFRP due to nitroxide decomposition in 
the acid medium. 

CRP/LRP methods have been applied in miniemulsion polymerization as it offers some unique 
technical advantages over an emulsion polymerization and can be regarded as a simplified model 
of emulsion polymerization, in which, ideally, all monomer droplets (of 50-500 nm size) are nu- 
cleated by entering aqueous oligoradicals and become polymer particles, while no new particles 
are nucleated by homogeneous nucleation, thus leading to simpler kinetic behavior. 

Macleod et al. (1999) and Prodpran et al. (2000) were the first to report nitroxide-mediated 
styrene polymerization in miniemulsion. Prodpran et al. used benzoyl peroxide and TEMPO 
with hexadecane as a costabilizer at 125°C. Stable latexes were produced showing over 90% 
conversion in 12 h with molecular weight reaching as high as M, ~ 40,000 and polydispersities 
ranging from ~1.15 to 1.6. The molecular weight varied linearly with conversion, signifying a 
living polymerization. 

A major disadvantage of miniemulsion polymerization is the need to apply very high shear to 
the initial reaction mixture for creating 50-500 nm droplets of monomer and so also the need to use 
a hydrophobic costabilizer, usually a volatile organic compound that may eventually show unde- 
sirable presence in the final product. Owing to its simplicity, traditional emulsion polymerization 
(see Section 6.13.1) is usually the technique of choice. This process does not require any special 
manipulation of the initial monomer-in-water emulsion and particles are generated in the aque- 
ous phase independently from the oil droplets, which only act as a monomer reservoir (see Fig. 
6.14). Using differently substituted TEMPO derivatives (Fig. 11.13), all in position 4, Cao et al. 
(2001) achieved reasonably well-controlled reactions in styrene emulsion polymerization. Using 
either potassium persulfate (KPS) or azobisisobutyronitrile (AIBN) at 120°C with sodium dodecyl 
sulfate (SDS) as the surfactant, significant differences were observed for the different nitroxides 
with different water solubilities. While very low water solubility of the nitroxide resulted in an 
uncontrolled polymerization, too high water solubility resulted in slow aqueous phase initiation 
that hindered the polymerization rate. Using 4-acetoxy-TEMPO (Fig. 11.13), 81% conversion 
was reached in 12 h, giving a polymer with M, = 18,000 and polydispersity ~1.3. 

A major problem of CRP in emulsion systems is that the process often leads to unstable latexes, 
mainly due to the sensitivity of the nucleation step, and is therefore still a challenge (Qiu et al., 
2001; Cunningham, 2002; Charleux, 2003). The formation of unstable latexes has been explained 
by some very specific features of the chain growth in CRP with respect to a classical free-radical 
polymerization, namely, slow and simultaneous growth of a large number of oligomers in the early 
stage of polymerization, which completely modifies the mechanism of particle formation. 
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Figure 11.15 Structures of SG1 (N-tert-butyl-N-(1-diethylphosphono-2,2-dimethyl propyl)) and SG1-based 
water soluble alkoxyamine initiator. A-H represents the acidic form of SG1 and A-Na is the sodium salt of 
A-H. 


More recently, the CRP method has been improved significantly with the discovery of very 
efficient acyclic nitroxides such as the stable acyclic phosphonylated nitroxide radical SG1 (Fig. 
11.15), which can control the polymerization of much broader range of monomers than cyclic 
nitroxides like TEMPO. The radical SG1 has a larger equilibrium constant than most other ni- 
troxides, including TEMPO, and is therefore suitable for polymerization temperatures as low as 
~90°C (SG1: K = 1.9x1078 mol dm~? at 125°C; TEMPO: K =2.1x107!! mol dm~ at 125°C). 


The very few reports on nitroxide-mediated ab initio emulsion polymerization have mainly 
concerned the application of a water-soluble radical initiator, such as K2S2Og, in conjunction 
with free nitroxide, either TEMPO or SG1. However, for better control of the chain growth and 
polymerization kinetics, a monocomponent alkoxyamine initiator, instead of a usual bicomponent 
initiator system (i.e., conventional radical initiator along with free nitroxide), should be chosen 
because the bicomponent system suffers from poorly controlled initiator efficiency (Nicolas et al., 
2004; Hawker et al., 2001). The main challenge in nitroxide-mediated emulsion polymerization is 
thus to select an appropriate water-soluble alkoxyamine initiator, and then to find suitable condi- 
tions for formation of stable latex with sufficiently high solid content. In this respect, a simple way 
was reported (Nicolas et al., 2004) for performing nitroxide-mediated emulsion polymerization of 
n-butyl acrylate (BA) and styrene (St), as well as for synthesis of block copolymer of of poly(n- 
butyl acrylate) (PBA) and polystyrene (PSt) with the SG1-based water-soluble alkoxyamine initia- 
tor, A-Na (Fig. 11.15), the water solubility in this case being imparted by the sodium carboxylate 
group (for pH > 6), at least during the nucleation step. Due to the hydrophobicity of the SG1 
capping agent, A-Na exhibits surface activity in aqueous solution and undergoes homolytic dis- 
sociation to the highly water-soluble 2-(hydroxycarbonyl)prop-2-yl sodium salt radical, which 
initiates polymerization in the water phase. 


11.3 Atom Transfer Radical Polymerization (ATRP) 


Among all LRP methods, ATRP is the most studied and since 1995, when it was first reported, 
a very large number of articles have appeared on this topic. An excellent review written by the 
pioneer in the field, Matyjaszewski (Matyjaszewski and Xia, 2001) covers the development in 
ATRP from 1995 till the end of 2000. ATRP can provide extraordinary control over topologies, 
compositions, microstructures, and functionalities. This has led to the production of a vast array of 
polymeric materials with application in nanocomposites, thermoplastic elastomers, bioconjugates, 
drug delivery systems, etc. 
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Figure 11.16 General mechanism for ATRP. 


ATRP proceeds via standard free-radical polymerization (FRP) mechanism. However, in 
ATRP the chain initiation is caused by a halogenated organic species in the presence of a tran- 
sition metal compound and the growing radicals can be reversibly activated or deactivated via a 
dynamic equilibrium with the transition metal compound by an exchange of halide species be- 
tween the chain end and metal compound. Using a simple alkyl halide, R-X (X = Cl or Br), as an 
initiator and a transition metal complex, Mt”—Y/Ligand (where Y may be a counterion or a ligand 
that significantly improves the solubility of the transition metal compound), as a catalyst, ATRP 
of vinyl monomers proceeds in a living fashion, yielding polymers with low polydispersities, 1.1 
< M,/M, < 1.5 (Wang and Matyjaszewski, 1995). In these reactions, the catalytic amount of 
the transition metal compound acts as a carrier of the halogen atom, reversibly releasing growing 
radicals in a Mt"/Mt"*! redox process, as shown in Fig. 11.16. The redox process gives rise to the 
aforesaid equilibrium between dormant (polymer-halide) and active (polymer-radical) chains. The 
equilibrium is designed to heavily favor the dormant state, which effectively reduces the radical 
concentration to a sufficiently low level to limit bimolecular coupling. Polymerizations require 
elevated temperatures (60-120°C). 

ATRP is an extension of atom transfer radical addition (ATRA), which is a well-known 
method of carbon-carbon bond formation (catalyzed by transition metal complexes) in organic syn- 
thesis. ATRP also has roots in the transition metal catalyzed telomerization reactions (Boutevin, 
2000) and connections to the transition metal initiated redox processes as well as inhibition with 
transition metal compounds (Qin and Matyjaszewski, 1997). ATRP was developed “by designing 
an appropriate catalyst (transition metal compound and ligands), using an initiator with the suitable 
structure, and adjusting the polymerization conditions such that the molecular weights increased 
linearly with conversion and the polydispersities were typical of a living process” (Matyjaszewski 
and Xia, 2001). 

In ATRP, the atom transfer step is the key elementary reaction responsible for the uniform 
growth of the polymeric chains, which is accomplished through fast initiation (activation rate con- 
stant, kact) and rapid reversible deactivation (deactivation rate constant, Kdeact). Polymer chains 
grow by the addition of the intermediate radicals (R* ) to monomers in a manner similar to a con- 
ventional radical polymerization with a rate constant of propagation, kp. Termination reactions 
(rate constant, k;) also occur in ATRP, mainly through radical coupling and disproportionation. 
With each coupling or disproportionation reaction two equivalents of deactivator, Mt’*!X,/L 
(Fig. 11.16), accumulate as persistent radicals. However, in a well-controlled ATRP, the majority 
of chains exist in a dormant (halogen-capped) state due to the persistent radical effect (Fischer, 
2001) and irreversible termination of propagating free radicals is statistically suppressed to give 
polymer synthesized via ATRP its living nature (Chan et al., 2010). (Typically, no more than 
5% of the total growing polymer chains undergo irreversible termination during the initial, short, 
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non-stationary period of polymerization.) Though kaeact is of a similar order of magnitude as k, de- 
activation becomes the dominant chain ending reaction due to much higher catalyst concentration, 
as compared to radical concentration. An important aspect of ATRP is that it can tolerate vari- 
ous functional groups. Consequently, well-defined end-functional polymers can be conveniently 
prepared without the need for additional protecting reactions. 

The transition metal catalyst which governs the ATRP equilibrium is traditionally used in stoi- 
chiometric or slightly sub-stoichiometric ratio to the initiator. The initiator concentration, in turn, 
is set in a ratio to the monomer concentration in order to achieve a target molecular weight of the 
polymer product, the degree of polymerization (DP) being given by the ratio of the concentration 
of the consumed monomer to that of organic halide (initiator) initially used: 


DP, = A[M]/[R-X]p (11.17) 


Problem 11.6 Styrene (St) was polymerized by ATRP using a copper(I) bromide (CuBr) catalyst, com- 
plexed with N, N, N’ , N’, N’’-pentamethyldiethylenetriamine (PMDETA) ligand, and methyl 2-bromopropion- 
ate (MBrP) as initiator. Experiments were performed in 1 L mixed vessel at 110°C with excellent temper- 
ature control using a monomer to solvent (toluene) ratio of 70:30 wt% and molar ratios of 50:1:1:1 for 
St/MBrP/CuBr/PMDETA. Under these reaction conditions, only a portion of the catalyst species was soluble 
and 90% monomer conversion was obtained in 6 h. Calculate a theoretical molecular weight (MW) of the 
polymer obtained. How would you explain if the experimental MW is found to be higher than the theoretical 
one ? 


Answer: 


The catalyst being not fully soluble, only the solubilized catalyst participates in the polymerization. Undis- 
solved catalyst in the system, while not participating in the reaction, acts as a reservoir to maintain the Cu(II) 
to Cu(D ratio relatively constant during the polymerization. Assuming 100% initiator efficiency, Eq. (11.17) 
gives, for 90% monomer conversion, 


DP, = [Stlox0.90 _ 4. 
[MBrP], 


M(St) = 104 gmol"! 
M, = (45)(104 gmol!) = 4680 gmol™! 


End groups derived from CH3CH(Br)COOCH3 are C4H70> (87) and Br (80). Hence total molar mass of 
polymer = 4680 + 87 + 80 = 4847 g mol™!. A higher value of the experimental molar mass would indicate 
that the initiator efficiency is less than 100%. 


Since for coatings applications, the target molecular weight is often quite low, a high concen- 
tration of initiator is needed, leading to a high catalyst level in the final polymer (see Problem 11.7). 
The catalyst can be expensive, especially where it features a specially synthesized ligand. More- 
over, the catalyst can be harmful and can add undesirable color to the polymer so that additional 
steps for catalyst removal and/or recovery may be needed, adding significantly to the production 
costs. 
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Problem 11.7 A controlled radical polymerization offers potential advantages if it can be applied to the 
coatings industry, since the polymer will have lower polydispersity as well as lower viscosity for the same 
M,,. ATRP has thus been applied for the production of low molecular-weight solvent-borne acrylic polymers 
for use in automotive coatings. Poly(ethyl acrylate) with Mn of 5000 is to be prepared by ATRP using a low- 
molecular weight organic halide (R-X) as initiator and a stoichiometric amount of CuX/ligand as catalyst. 
Estimate the level of initiator required relative to monomer and the level (ppm) of residual copper in the final 
polymer, assuming 100% initiator efficiency. 


Answer: 


Formula weight of ethyl acrylate = 100 g/mol. Neglecting contribution of chain ends to polymer molecular 
weight, DP, of poly(ethyl acrylate) of M, = 5000 is 5000/100 = 50. From Eq. (11.10), 


[R-X],/A[M] = 1/DP, = 0.02 


Level of initiator required = 0.02100 = 2 mol% of monomer. 


Assuming that the catalyst is used in stoichiometric ratio to the initiator and that the initiator is consumed 
fully (with one polymer molecule being generated for each initiator molecule), amount of copper (atomic wt 
= 63) in final polymer 


63 x 10° 
= ——— ~ j0 
5000 ppm 


11.3.1 ATRP Monomers 


Monomers which have been successfully polymerized using ATRP include styrenes, acrylates, 
methacrylates, and several other relatively reactive monomers such as acrylamides, vinylpyridine, 
and acrylonitrile, which contain groups (e.g., phenyl, carbonyl, nitrile) adjacent to the carbon radi- 
cals that stabilize the propagating chains and produce a sufficiently large atom transfer equilibrium 
constant. The range of monomers polymerizable by ATRP is thus greater than that accessible by 
nitroxide-mediated polymerization, since it includes the entire family of methacrylates. However, 
acidic monomers (e.g., methacrylic acid) have not been successfully polymerized by ATRP 
and so also halogenated alkenes, alkyl-substituted olefins, and vinyl esters because of their 
very low intrinsic reactivity in radical polymerization and radical addition reactions (and hence, 
presumably, a very low ATRP equilibrium constant). 

Even under the same conditions of polymerization using the same catalyst, each monomer has 
its unique atom transfer equilibrium constant for its active and dormant species and the magnitude 
of this equilibrium constant (Keg = Kact /Kdeact) determines the polymerization rate (Matyjaszewski 
and Xia, 2001). Thus, too large an equilibrium constant will lead to a high radical concentration, 
resulting in a large amount of termination and hence greater polydispersity of polymer. On the 
other hand, if the equilibrium constant is too small, ATRP will not occur or occur very slowly. 

Too low equilibrium constant may be the main reason that ATRP of olefins, halogenated 
alkenes, and vinyl acetate has not been successful. Since each monomer has a specific equilibrium 
constant, optimal conditions for ATRP, which include the type and amount of catalyst, tempera- 
ture, solvent, and other additives, may be quite different for different monomers (Matyjaszeswki 
and Xia, 2001). 
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Figure 11.17 Structures of some amine ligands used in copper-mediated ATRP. 


While ATRP of styrene and its derivatives has been conducted using copper, iron, ruthe- 
nium, and rhenium catalytic systems, in most of the reported cases, copper-based systems have 
been used, one of the most extensively studied systems being the ATRP of styrene at 110°C with 
CuBr(dNbpy)2 (see Fig. 11.17) as the catalyst and alkyl bromides as initiators. With the use of a 
more efficient catalyst such as CuBr/PMDETA (Fig. 11.17) or CuOAc/CuBr/dNbpy, the reaction 
temperature can be lowered to 80-90°C as better molecular weight control with lower polydis- 
persities is obtained at lower temperatures, presumably due to a lower contribution of the thermal 
self-initiation. However, temperatures greater than 100°C are usually preferred for styrene ATRP 
in order to avoid vitrification at high conversion (T, ~ 100°C for polystyrene), and also to increase 
the solubility of the catalysts in some cases. Among styrenic monomers, those with electron- 
withdrawing substituents polymerize faster because the atom transfer equilibrium is more shifted 
toward the active species side for styrenes with electron-withdrawing groups. 
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A wide range of acrylates with various side chains have been polymerized using ATRP to ob- 
tain well-defined functional polymers, e.g., ATRP of 2-hydroxyethy] acrylate, glycidyl acrylate, 
and tert-butyl acrylate (yielding well-defined poly(acrylic acid) on hydrolysis). Among several 
transition metal catalysts, viz., copper, ruthenium, and iron-based systems, which have been suc- 
cessfully used for the controlled ATRP of acrylates, copper appears to be superior in producing 
well-defined polyacrylates with low polydispersities. 

A larger range of catalysts are available for ATRP of methacrylates, as compared to acry- 
lates, due to the relative ease of activation of the derived species and the high values of the ATRP 
equilibrium constants. ATRP of methyl methacrylate (MMA) is usually carried out at 70-90°C us- 
ing solution polymerization since PMMA has a glass transition temperature T, > 100°C. This also 
helps keep the concentrations of growing radicals and the catalyst low by dilution, which is needed 
since the copper-mediated ATRP of MMA has a significantly higher equilibrium constant, as com- 
pared to styrene and MA. Besides MMA, other methacrylic esters have also been successfully 
polymerized by ATRP. These include n-butyl methacrylate, 2-(dimethylamino)ethyl methacrylate 
(DMAEMA), 2-hydroxyethyl methacrylate (HEMA), and silyl-protected HEMA, methacrylic acid 
in its alkyl-protected form or as its sodium salt, and fluorinated methacrylic esters (Matyjaszewski 
and Xia, 2001). 

For ATRP of acrylonitrile (AN), it is necessary to use a solvent because polyacrylonitrile (PAN) 
is not soluble in its monomer. Though DMF is a good solvent for PAN, it is not favored because 
it may also complex with copper. ATRP of AN has been successfully carried out in homoge- 
neous system using ethylene carbonate as the solvent, CuBr(bpy)2 complex as the catalyst and 
a-bromopropionitrile as the initiator at temperatures ranging from 44°C to 64°C. 

According to reports available in the literature on the attempted ATRP of acrylamide, the 
polymerization has not been successful in all cases. Kinetic studies made using model compounds 
have revealed that under typical ATRP conditions acrylamide polymerization has a much lower 
ATRP equilibrium constant than styrene or acrylates. This may be attributed to catalyst inactivation 
due to complexation of copper by the growing polymer and to displacement of the terminal halogen 
atom by the amide group. The best results for the ATRP of (meth)acrylamide have been obtained 
with one of the most powerful catalytic systems, namely, CuCl/Meg TREN (Fig. 11.17), due to 
its high equilibrium constant. To minimize side reactions, polymerizations have been carried out 
at low temperature (20°C) using alkyl chlorides as initiators. Metals other than copper have also 
been used in the ATRP of acrylamide. For example, dimethylacrylamide has been polymerized 
with RuCl2(PPh3)3 and Al(OiPr)3 in toluene at 60°C using a bromide initiator such as CCI3Br. 


Problem 11.8 Suggest suitable methods for obtaining poly(meth)acrylic acid via ATRP route. 
Answer: 


Controlled polymerization of acrylic or methacrylic acid by ATRP presents a challenging problem because 
the acid monomers can poison the catalysts by coordinating to the transition metal (Matyjaszewski and Xia, 
2001). Moreover, nitrogen containing ligands can be protonated, which interferes with the metal complex- 
ation ability. Poly(meth)acrylic acids can thus be conveniently prepared by polymerization of protected 
monomers such as trimethylsilyl methacrylate, tert-butyl methacrylate, tetrahydropyranyl methacrylate, and 
benzyl methacrylate, followed by hydrolysis to remove the protective groups (Davis et al., 2000). However, 
successful ATRP of sodium methacrylate in water, with moderate to good yields, has been reported using 
CuBr(bpy)3 as the catalyst and a poly(ethylene oxide)-based macroinitiator (Ashford et al., 1999). 
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11.3.2 ATRP Initiators 


In ATRP, alkyl halides (RX) are commonly used as the initiator. Fast initiation is important to 
obtain well-defined polymers with low polydispersities (PDs). To obtain polymers with low PDs, 
i.e., narrow molecular weight distributions (MWDs), the halide group, X, must migrate rapidly 
and selectively between the growing polymer chain and the transition metal complex. Usually, the 
molecular weight control is found to be the best if X is either bromine or chlorine, though iodine 
is also found to work well for ATRP of acrylates using copper complex and for styrene polymer- 
ization in ruthenium-based ATRP. The C-F bond being too strong to undergo homolytic cleavage, 
R-F is not used as initiator in ATRP. However, some pseudohalogens, specifically thiocyanates 
and thiocarbamates, have been successfully used for ATRP of acrylates and styrenes (Nishimura 
et al., 1999). 

Two parameters are important for a successful ATRP initiating system. First, initiation should 
be fast in comparison with propagation and, second, the probability of side reactions should be 
minimized. Several general considerations may be used for the initiator choice: 

1. Tertiary alkyl halides are better initiators than secondary halides, which, in turn, are better than 
primary alkyl halides. Sulfony! chlorides also provide faster initiation than propagaion. 

2. The bond strength of the alkyl halides being in the order R-Cl > R-Br > R-I, alkyl chlorides 
should be the least efficient initiator and alkyl iodides the most efficient. However, alkyl iodides 
suffer from being light sensitive and have a tendency to form metal iodide complexes. Therefore 
bromo- and chloro-compounds are most frequently used as initiators. Same halogen is commonly 
used for the initiator and the metal salt, that is, R-X/Mt—X (X = Cl or Br). In this case, the polymer 
chains are also terminated by the same X. However, if a mixed halide initiating system is used, i.e., 
R-X/Mt-Y (X, Y = Cl or Br), majority of polymer chains are terminated by Cl due to the stronger 
alkyl-chloride bond. 

3. Using the same initiator, the success of initiation can depend strongly on the choice of catalyst. 
For example, CCl, is a good initiator for styrene and MMA with CuBr(bpy)3 as the catalyst, but 
the same is not true using the CuBr(dNbpy)» catalytic system (Matyjaszewski and Xia, 2001). 

4. The method or order of reagent addition (e.g., adding catalyst to the initiator or initiator to the 
catalyst) can be crucial. 

Besides alkyl halides (R-X) and halogenated alkanes (such as CHCl, CCl4), many other 
different types of halogenated compounds are potential initiators, such as benzylic halides (e.g., 
PhCHCl2, Ph2CHCl, Ph2CClz), a-haloesters (e.g., a-halopropionates and a-haloisobutyrates), œ- 
haloketones (e.g., CCl COCH3 and CHCl2COPh), a-halonitriles (e.g., 2-bromopropionitrile), and 
sulfonyl halides. Benzyl substituted halides are useful initiators for the ATRP of styrene and its 
derivatives because of their structural similarity. However, they are not useful for the ATRP of 
more reactive monomers, such as MMA, though polyhalogenated benzylic halides, e.g., PhCHCl 
and PhyCCl, have been used for the ATRP of MMA with RuClo(PPh3)3/Al(OiPr)3 as the cat- 
alyst (Ando et al., 1997). Apparently, two-directional growth is provided by the di-halogenated 
initiators due to the presence of two Cl groups. 

Among a-haloesters, a-haloisobutyrates generally produce initiating radicals faster than the 
corresponding a-halopropionates due to better stabilization of the radicals. Thus, in the ATRP of 
methacrylates, a-halopropionates produce slow initiation, though, in contrast, a-bromopropionates 
are good initiators for the ATRP of acrylates due to their structural similarity (Matyjaszewski and 
Xia, 2001). Polyhalogenated a-haloesters (e.g., CCl3CO2CH3 and CHCl2CO2CH3) have also 
been successfully used as initiators for ATRP of MMA catalyzed by ruthenium complexes, for 
which, however, polyhalogenated a-haloketones (e.g., CCl; COCH3 and CHCl2COPh) are among 
the best initiators. This faster initiation by ketone, compared with the ester counterparts, can be ex- 
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plained by the stronger electron-withdrawing power of the ketone carbonyl which induces further 
polarization of the carbon-chlorine bond. The strong electron-withdrawing power of the cyano 
group is also responsible for fast radical generation by a-halonitriles in ATRP, while the radical 
formed is also sufficiently reactive, leading to fast initiation by rapid radical addition to monomer. 

Well-controlled polymerizations of a large number of monomers have been obtained in copper- 
catalyzed ATRP with sulfonyl halides as initiators, which yield a much faster rate of initiation than 
monomer propagation. For example, the apparent rate constants of initiation with sulfonyl chlo- 
rides are about four (for styrene and methacrylates) and three (for acrylates) orders of magnitude 
higher than those for propagation (Matyjaszewski and Xia, 2001). 

While the range of available initiators for ATRP is much larger than for other CRP methods, 
the use of various halo-compounds as initiators described above leads to halogen end groups of the 
polymers formed. They can be replaced, however, by many synthetic methods to provide more 
useful functionalities and halogen-free products. Furthermore, as shown later, the use of multi- 
functional activated halides enables simultaneous growth of chains in several directions, leading 
to macromolecular stars, combs, and brushes. 


11.3.3 ATRP Catalysts 


Transition metal complexes functioning as redox catalysts are perhaps the most important com- 
ponents of an ATRP system. (It is, however, possible that some catalytic systems reported for 
ATRP may lead not only to formation of free radical polymer chains but also to ionic and/or co- 
ordination polymerization.) As mentioned previously, the transition metal center of the catalyst 
should undergo an electron transfer reaction coupled with halogen abstraction and accompanied 
by expansion of the coordination sphere. In addition, to induce a controlled polymerization pro- 
cess, the oxidized transition metal should rapidly deactivate the propagating polymer chains to 
form dormant species (Fig. 11.16). The ideal catalyst for ATRP should be highly selective for 
atom transfer, should not participate in other reactions, and should deactivate extremely fast with 
diffusion-controlled rate constants. Further, it should have easily tunable activation rate constants 
to meet specific requirements for ATRP monomers. For example, very active catalysts with 
equilibrium constants K > 1078 for styrenes and acrylates are not suitable for methacrylates. 

An efficient ATRP catalyst is described to achieve mainly the following functional attributes 
(Matyjaszewski and Xia, 2001): (1) initiation is fast and quantitative which ensures that all poly- 
meric chains start to grow simultaneously; (2) the equilibrium between the alkyl halide and the 
transition metal is heavily shifted toward the dormant species side, thereby ensuring that most of 
the growing chains remain dormant and the radical concentration is low; (3) deactivation of the 
active radicals by halogen transfer is fast which ensures that all polymer chains grow at approxi- 
mately the same rate, leading to low polydispersity; (4) activation of the dormant polymer chains 
is relatively fast, which provides a reasonable polymerization rate; and (5) there are no side re- 
actions, such as 6—H abstraction or reduction/oxidation of the radicals. Accordingly, ligands are 
chosen to adjust the redox potential of the metal center for appropriate reactivity and dynamics 
for the atom transfer. Another important role of the ligand in ATRP is to solubilize the transition 
metal salt in the organic media. 

A number of transition metal complexes have been applied in ATRP process. It has been suc- 
cessful for molybdenum, chromium, rhenium, ruthenium, and iron, rhodium, nickel, palladium, 
and copper complexes. Among these, copper catalysts are superior in terms of versatility and cost. 
Styrenes, (meth)acrylates, (meth)acrylamides, and acrylonitrile have been successfully polymer- 
ized using copper-mediated ATRP. The polymerization has been found to be tolerant to a variety of 
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functional groups, such as —OH and —NH)z, and insensitive to additives, such as H20, CH30H, 
and CH3CN (Matyjaszewski et al., 1997). 

The tacticity of the polymer prepared by ATRP of MMA with copper complexes as cata- 
lysts has been found to be similar to that of the PMMA prepared by a conventional free-radical 
polymerization process. 


11.3.4 ATRP Ligands 


One main role of the metal-complexing ligands in ATRP is to solubilize the transition metal salt in 
the organic media. However, when bipyridine is used as a ligand for copper chloride, the solubility 
of the catalyst in the bulk monomer is limited and the medium remains heterogeneous. Substituted 
pyridines (Matyjaszewski et al., 1997; Percec et al., 1996), phenanthrolines (Destarac et al., 1997), 
pyrimines (Haddleton et al., 1997), or multidentate amine ligands (Xia and Matyjaszewski, 1997) 
must be used in order to get a homogeneous reaction medium. [It may be noted that, when using 
unsubstituted bipyridine, a homogeneous reaction medium can still be obtained by adding 10 vol% 
DMF (Cassenbras et al., 1999).] The other main role of ligands is to adjust the properties of the 
metal center toward the required reactivity and atom transfer dynamics. As the rate constants of 
activation (Kact) and deactivation (Kdeact) are highly dependent on ligand choice, substantial effort 
has been made to understand the relationship between ligand structure and catalyst activity in order 
to design high activity catalysts (Tang and Matyjaszewski, 2006; Tang et al., 2008). It should be 
noted that ligands may be even more important than metal centers, since they can fine-tune atom 
transfer equilibium constants and dynamics as well as selectivities. 

Nitrogen ligands work particularly well for copper-mediated ATRP, while, in contrast, sul- 
fur, oxygen, or phosphorus ligands are less effective due to inappropriate electronic effects or 
unfavorable binding constants. Activity of N-based ligands in ATRP decreases with the num- 
ber of coordinating sites: N4 > N3 > N2 > N1 and with the number of linking C-atoms: 
C2 > C3 > C4. Also, activity is usually higher for bridged and cyclic systems than for lin- 
ear analogs (Matyjaszewski and Xia, 2001). Tris[2-(dimethylamino)ethyl]amine (Meg TREN) and 
tris(2-pyridylmethyl)amine (TPMA) are examples of ligands that form high-activity ATRP com- 
plexes with ATRP equilibrium constants several orders of magnitude higher than found for other 
ligands. Examples of N-based ligands used successfully in Cu-based ATRP are shown in Fig. 
11.17. 

Phosphorus-based ligands are used to complex most of the transition metals employed in 
ATRP, including rhenium, ruthenium, iron, rhodium, nickel, and palladium, but not copper. The 
most frequently used phosphorus ligand is, however, PPh3, which has been used successfully with 
all the aforementioned transition metals. 


11.3.5 ATRP Solvents 


ATRP can be performed in bulk, in solution, or in a heterogeneous system (e.g., emulsion, suspen- 
sion). Various solvents have been used for ATRP in solution for various monomers. These include 
benzene, toluene, acetone, ethyl acetate, anisole, diphenyl ether, dimethyl formamide, ethylene 
carbonate, alcohol, water, carbon dioxide, and many others (Matyjaszewski and Xia, 2001). The 
use of a solvent may become necessary when the polymer formed is insoluble in its monomer. The 
choice of a solvent is influenced by several factors, such as chain transfer to solvent, interactions 
between solvent and the catalyst, catalyst poisoning by solvent (e.g., carboxylic acids and phos- 
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phine for Cu-based catalyst), and solvent aided side reactions, all of which should be minimum or 
absent. 

The possibility of solvents changing the structure of the catalyst and its ATRP properties should 
also be taken into consideration (Matyjaszewski and Xia, 2001). A notable example is the ATRP 
of n-butyl acrylate with CuBr(bpy)3 as the catalyst, which exhibits a much faster rate when the 
reaction is carried out in ethylene carbonate than in bulk (Matyjaszewski et al., 1998). The higher 
rate was attributed to a structural change from a dimeric halogen-bridged Cu(I) species in the bulk 
system to a monomeric Cu(I) species in ethylene carbonate solvent. A similar rate increase in 
polar media has also been observed by other workers (Wang, et al., 1999; Wang and Armes, 2000; 
Perrier et al., 2001). Polar media can facilitate dissolution of catalyst to enhance the rate of poly- 
merization. For example, ATRP can be performed with CuBr(bpy)3 catalyst under homogeneous 
conditions using DMF solvent (10% v/v). 


11.3.6 ATRP Mechanism and Kinetics 


The general mechanism of ATRP has been shown in Fig. 11.16, which indicates a radical pathway. 
The radical nature of the reactive or propagating species in copper-mediated ATRP is proposed on 
the basis of several experimental observations, which have been summarized by Matyjaszewski 
and Xia (2001) as: (1) The ATRP equilibrium can be approached from both sides, i.e., either 
from (R-X + Mt”*) side or (radicals + X-—Mr”*!) side (see Fig. 11.16), the latter being termed 
“reverse ATRP” (see Problem 11.9). (2) Chemoselectivity for ATRP is similar to that for conven- 
tional radical polymerization. Thus, ATRP is retarded by the presence of a small amount of oxygen 
and inhibited by typical radical inhibitors (e.g., TEMPO). Conventional radical polymerization 
characteristics are also displayed upon addition of a chain transfer agent, such as octanethiol. (3) 
Regioselectivity, stereoselectivity, and tacticity of ATRP polymers are similar to those of polymers 
made by conventional free-radical process, 

In ATRP, while polymer chains propagate by adding new monomer units to the growing chain 
ends and irreversible termination occurs through combination or disproportionation pathways as 
in a conventional free-radical process, the termination leads to generation of higher oxidation state 
stable metal complex, X-Mt”*! (that can be regarded as a persistent metalloradical) and after a 
sufficient amount of this complex has been built up, the Persistent radical effect predominates to 
reduce the stationary concentration of growing radicals and thereby minimize irreversible radical 
termination. Besides this small contribution of chain termination, a successful ATRP to obtain 
well-defined polymers also requires a uniform growth of all chains, which is accomplished through 
fast initiation and rapid reversible deactivation. However, at high conversions when the monomer 
concentration becomes very low, propagation slows down but termination may still occur with the 
usual rate. There is thus a certain ‘window of concentrations and conversions’ (Matyjaszewski and 
Xia, 2001) where the polymerization is well controlled to yield low polydispersity polymers. 

In ATRP, perhaps the most important kinetic parameters are the rate constants for the activa- 
tion (Kact) and deactivation (Kdeact) Steps (see Fig. 11.16), which determine the magnitude of the 
equilibrium constant (Keg = Kact /Kdeact). In the absence of any side reactions other than radical ter- 
mination by coupling or disproportionation, Keq determines the polymerization rate. While ATRP 
does not occur or occurs very slowly if Keg is too small, too large an equilibrium constant, as it has 
been shown earlier, may actually lead to an apparently slower polymerization. The magnitudes of 
Kact and Kdeact depend on the structure of the monomer, on the halogens, and on the transition metal 
complexes. The measured values of these rate constants for some model systems resembling the 
structure of the dormant/active species, are shown in Tables 11.3 and 11.4. 
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Table 11.3 Activation Rate Constants(kact) Measured for some Model Systems 


RX Complex* Solvent Kact M! s 
Benzyl bromide Cu()Br/(dNbpy)2 Acetonitrile 0.043 
Phenyl] ethyl bromide Cu(D)Br/(dNbpy)2 Acetonitrile 0.085 
Phenyl ethyl bromide Cu()Br/PMDETA Acetonitrile 0.12 
Phenyl ethyl bromide Cu(DBr/(dNbpy)2 Ethyl acetate 0.016 
Phenyl ethyl chloride Cu(D)Cl/MegTREN Acetonitrile 1.5 
Phenyl ethyl chloride Cu(D)C1/(dNbpy)2 Acetonitrile 0.000056 
Methyl bromopropionate Cu(I)Br/(dNbpy)2 Acetonitrile 0.052 
Methyl bromopropionate Cu(I)Br/PMDETA Acetonitrile 0.11 


è For ligand names and structures see Fig. 11.17. 
Source: Matyjaszewski and Xia, 2001; Matyjaszewski et al., 2001. 


Table 11.4 Deactivation Rate Constants (kdeact) Measured for some Model 


Systems at 75°C 
Radical Complex? Solvent kdeact M] sy 
Phenyl ethyl Cu(IDBro/(dNbpy)2 Acetonitrile 2.5x10/ 
Phenyl ethyl Cu(IDBro/(dNbpy)2 Ethyl acetate 2.4x108 
Phenyl ethyl Cu(IDBro/PMDETA Acetonitrile 6.1x106 
Phenyl ethyl Cu(IDBr2/MegTREN Acetonitrile 1.4x107 
Phenyl ethyl = Cu(ID)Cly/(dNbpy)2 Acetonitrile 4.3x10° 


è For ligand names and structures see Fig. 11.17. 
Source: Matyjaszewski and Xia, 2001; Matyjaszewski et al., 2001. 


Problem 11.9 While in a normal ATRP, the initiating radicals are generated from an alkyl halide in the 
presence of a transition metal in its lower oxidation state (e.g., CuBr(dNbpy)), ATRP can also be initiated 
by using a thermal free-radical initiator (e.g., AIBN) along with the transition metal compound in its higher 
oxidation state (e.g., CuBr2(dNbpy)2). Write a general scheme for this latter approach which is named 
‘reverse ATRP’. 


Answer: 


The reverse ATRP using AIBN as the initiator has been performed successfully for copper-based heteroge- 
neous (Xia and Matyjaszewski, 1999) and homogeneous (Xia and Matyjaszewski, 1997) systems in solution 
and in emulsion as well as for iron complexes (Matyjaszewski and Xia, 2001). A general outline of reverse 
ATRP is shown in Scheme P11.9.1. As shown in this Scheme, the starting materials in reverse ATRP are 
a thermal free radical initiator (I-D, transition metal halide in the oxidized state (XMt”*!), and monomer 
(M), while the propagation step resembles a normal ATRP. It may be noted, however, that the reverse ATRP 
initiated by peroxides sometimes behaves quite differently than that initiated by azo compounds like AIBN. 
The differences between the benzoyl peroxide (BPO) and AIBN systems possibly arise due to an electron 
transfer and the formation of a copper benzoate species in the BPO system (Xia and Matyjaszewski, 1999). 


For homogeneous ATRP, the reaction mechanism shown in Fig. 11.18 consists of the atom 
transfer equilibrium followed by the addition of radicals to olefinic monomers at both initiation 
and propagation steps and finally by the termination step. Assuming a fast initiation, negligible 
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Initiation: 
IL-1 — 21 
r+ xmett x 4 MË 
sija 
-P + xme — 1-P-X + M" 
Propagation: 


` n+l 
P-X + Mtg —> FB + XMt 


Scheme P11.9.1 General scheme of reverse ATRP using AIBN (represented by I-I) thermal initiator (Prob- 
lem 11.9). 


Initiation: 
Ky. 
R-X #Cu()/L ¢—= R + Cu(INX/L 
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Figure 11.18 Reaction mechanism of homogeneous ATRP. 


termination reactions, and a steady concentration of propagating radicals, the rate of polymeriza- 
tion may be written as 


R, = kp[P*][M] (11.18) 


where kp is the propagation rate constant, [P° ] is the propagating chain concentration, and [M] 
is the monomer concentration. A fast equilibrium is a necessary condition to obtain low poly- 
dispersity in controlled/“living” free radical polymerization. The activation and deactivation rate 
constants, Kact and Kdeact, combine to form the ATRP equilibrium constant, Keg. For the equilib- 
rium, one can thus write (for fast initiation), 
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kat [P* ][Cud)X] 
Kear  [Cu(D][P-X] 
[P° ][CudDxX] 
[Cu(D][R-X] 


Keq = 
(11.19) 


where [R-X] is the alkyl halide initiator concentration; [Cu(I)] and [Cu(IDX] are the concentra- 
tions of the activator and deactivator species. 
Substituting for [P * ] from Eq. (11.19) into Eq. (11.18) gives 


Rp = kp Keg (M][R-X] Kodl (11.20) 
R pza [Cu(II X] 
Results from kinetic studies of ATRP under homogeneous conditions for styrene (Matyjaszewski 
et al., 1997), methyl acrylate (Davis et al., 1999), and methyl methacrylate (Wang et al., 1997) 
indicate that the polymerization rate is first order with respect to monomer, initiator, and Cu(I) 
complex concentrations. These observations are in agreement with Eq. (11.20). 


Problem 11.10 | What would be the effects of temperature increase on the ATRP process ? 
Answer: 


The rate of polymerization in ATRP will increase with increasing temperature due to the increase of both 
kp and Keq (see Eq. (11.20)). Moreover, as a result of the higher activation energy for radical propagation 
than for radical termination (see Section 6.11.1), higher kp/kr ratios and better control (“livingness”) may 
be observed at higher temperatures. However, chain transfer and other side reactions can also become more 
pronounced at elevated temperatures, thereby reducing the control of polymerization. On the other hand, 
while a temperature rise will increase the solubility of the catalyst, thereby enhancing the polymerization 
rate, catalyst decomposition may also occur with the temperature increase. 


Equation (11.20) indicates that the rate of polymerization in ATRP is governed by the ratio of 
activator to deactivator, and not their absolute concentrations. As such, it is theoretically possible 
to mediate ATRP using a small amount of catalyst with fast activation and deactivation kinetics, 
However, even if a highly active catalyst is used with ATRP equilibrium constant several orders of 
magnitude higher than found for other catalysts, it is not possible to reduce the catalyst concen- 
tration by the same scale, as irreversible radical termination then leads to accumulation of Cu(II) 
deactivator as a persistent radical due to which the reaction slows down and eventually stops. To 
address the aforesaid problem, Matyjaszewski et al. (2006) developed two concepts called activa- 
tors regenerated by electron transfer (ARGET) and initiators for continuous activator regenera- 
tion (ICAR), through which the catalyst concentration can be reduced to ppm levels with respect 
to monomer. In both techniques, more oxidatively stable and easier to handle Cu(II) species are 
used as a starting material, along with an excess of an additional reagent that reduces the accumu- 
lated Cu(ID deactivator to generate the Cu(J) activating species, as shown in Fig. 11.19. A wide 
range of reducing agents, such as stannous 2-ethylhexanoate, ascorbic acid, glucose, hydrazine, 
phenols, and tertiary amines have been used successfully for an ARGET-ATRP process, 
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Figure 11.19 Mechanism proposed by Matyjaszewski et al. (2006) for low-catalyst concentration ATRP 
processes using (1) ICAR and (2) ARGET. 


and a variety of polymers with different structures and properties have been prepared (Pietrasik et 
al., 2006; Dong et al., 2007; Dong and Matyjaszewski, 2008; Pintaner and Matyjaszewski, 2008). 

The concentration of catalyst relative to initiator can be significantly decreased when the re- 
ducing agent is present in excess relative to the catalyst. However, the catalyst concentration 
cannot be decreased indefinitely in any ATRP system, because control over molecular weight dis- 
tribution in Cu-based ATRP depends on the absolute concentration of the deactivator according to 
the following relationship (Matyjaszewski, 1995; Matyjaszewski et al., 2006) : 


bor Se ae + Ree )( : 1) (11.21) 
M DP,  \kaeact (Cud)X/L]) \ Conv. i 


where PDI is the polydispersity index; DP, is the degree of polymerization; subscript ‘o’ indicates 
initial state; and ‘Conv.’ is conversion expressed as a dimensionless fraction. Experimentally, 
controlled polymer synthesis of acrylates (PDI < 1.2) was realized with catalyst concentrations 
as low as 50 ppm (Matyjaszewski et al., 2006). The choice of the reducing agent affects the 
Cu(1)/CudD) ratio and hence the polymerization rate (Eq. (11.20)). 

A principal disadvantage of the ARGET procedure is the requirement of high ligand concen- 
trations (typically, three to ten times molar excess to metal) to maintain the catalyst complex and 
protect it from destabilizing side reactions, such as complexation to monomer or to Lewis acid 
generated from the reduction mechanism. The polymerization is also heavily dependent on lig- 
and choice, since ligand will affect catalyst stability and deactivation kinetics. Both these factors 
present considerable barriers to large-scale application of ARGET-ATRP, especially since ligands 
commonly used for ARGET, such as Meg TREN and TPMA (see Fig. 11.17), are expensive and 
not easily available. 

In ICAR-ATRP, a small amount of thermal free radical initiator is used instead of a reducing 
agent to regenerate activators from accumulated deactivating species, Cu(ID). The catalyst is more 
stable during ICAR and since, unlike in ARGET, side reactions caused by reducing agents do not 
occur, ligands can be added ina stoichiometric ratio to metal, thus avoiding the aforesaid 
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Figure 11.20 Synthesis of amine end-functional polystyrene by displacement of terminal halogen (X) in 
ATRP polystyrene. (After Matyjaszewski, Nakagawa, and Gaynor, 1997.) 


difficulties of excess ligand. A disadvantage of ICAR, however, is that the use of a free radical 
initiator generates additional chains during the course of the reaction, resulting in broader MWD 
and formation of unwanted homopolymer when synthesizing block copolymers. 


11.3.7 Chain-End Functionality 


Besides the obvious aspects of ATRP, namely, control of molecular weight and narrow polydis- 
persity, an important and exciting feature of this types of polymerization is that nearly every chain 
contains a terminal halogen atom, if termination and transfer are essentially absent. This halogen 
atom can be successfully replaced through a variety of reactions leading to end-functional poly- 
mers. The presence of halogens in the environment being often a cause of concern, a common 
method of dehalogenation of organic compounds, namely, the reaction with trialkyltin hydrides, 
(C4H9)3SnH, could be applied to ATRP polymers for the removal of terminal halogen species 
(Coessens and Matyjaszewski, 1999). Thus by the addition of (C4H9)3SnH to the polymeric alkyl 
halide in the presence of a radical source (such as AIBN, polymer radical, or Cu(1) complex), a 
saturated hydrogen-terminated polymer is obtained. Similarly, using allyl tri-n-butylstannate in 
place of (C4Ho)3SnH, allyl-ended polymers are produced (Coessens et al., 2000). Again, start- 
ing from halogen-terminated ATRP polystyrenes, nucleophilic substitution of the halogen with 
azides by reaction with trimethylsilyl azide yields the azide-terminated polymer, which can be fol- 
lowed by reduction with lithium aluminum hydride to produce polystyrene with primary amine- 
functionalized chain end (Matyjaszewski, 1997) (Fig. 11.20). Halo-terminated polyacrylates have 
also been transformed similarly to azide- and amine-terminated polymers (Coessens et al., 1998). 

The concept of end-functionalization through the addition of a nonpolymerizable monomer 
resembling telomerization experiments has been applied to ATRP to obtain end-functionalization 
with different groups. For example, the addition of an excess of allyl alcohol near the end of 
an acrylate polymerization results in the monoaddition of less reactive monomer. The new alkyl 
halide chain end does not undergo the ATRP process since the carbon-halogen bond has very low 
reactivity (Matyjaszewski and Xia, 2001; Coessens and Matyjaszewski, 1999). Similar approach 
has also been applied to incorporate 1,2-epoxy-5-hexene (Coessens et al., 2000) and maleic an- 
hydride (Koulouri et al., 1999). Taking into account that maleic anhydride can hardly be ho- 
mopolymerized under normal conditions, ATRP in the presence of an excess of maleic anhydride 
is performed so as to yield one molecule residing at the chain end. These examples are depicted 
in Fig. 11.21. 

One of the major advantages of living free radical chemistry, when compared to other living 
procedures for the polymerization of vinyl monomers, is the stability of the initiating, or propagat- 
ing, centers. This has enabled the development of a wide variety of functionalized unimolecular 
initiators for the synthesis of well-defined linear polymers, block copolymers, and other complex 
macromolecular structures. ATRP of monomers with functionalized alkyl halide initiators leads 
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Figure 11.21 Some examples of displacemment of the terminal halogen in ATRP polymers using elec- 
trophilic, nucleophilic, and radical (addition) reactions. (Adapted from Matyjaszewski and Xia, 2001.) 


to the formation of polymers or macromonomers in which the fragment that forms the a-end of the 
polymer chain contain the functional groups of the initiators (see Problem 11.11). Polymerizations 
with initiators containing carboxylic acids are, however, difficult because the acid functionality 
may poison the catalyst. [Note: Macromonomers are polymer chains containing a double bond 
or other polymerizable group at a chain end which can be (co)polymerized in a separate reaction 
to yield copolymers. ] 


Problem 11.11 Write the structures of chain end functionalized polymers obtained by ATRP of styrene 
and methyl acrylate from the following functionalized initiators (I): 


For styrene (St): (1) 4-bromobenzyl bromide; (2) 2-bromopropionitrile; (3) vinyl chloroacetate; and (4) 
glycidol 2-bromopropionate 


For methyl acrylate (MA): (1) allyl bromide; (2) hydroxyethyl 2-bromopropionate; (3) a-bromo-y- 
butyro-lactone; and (4) 2-bromopropionitrile. 


Answer: 


In activated alkyl halides, used as initiators for ATRP, the radical stabilizing group (aryl, carbonyl, nitrile, 
multiple halogens) resides on the a-carbon atom. Initiation is accomplished through homolytic cleavage of 
the halide and addition of the generated radical at the a-C to alkenes. The functional group of the initia- 
tor remains at one end of the polymer chain and the halogen atom at the other end. It may be noted that 
direct bonding of the halogen to an aryl (e.g., chlorobenzene) or carbonyl group does not facilitate radical 
generation. ATRP can thus be carried out in chlorobenzene solvent. 


The structure of ATRP polystyrene resulting from the cited functionalized initiators are shown in Fig. 
11.22 and those of ATRP poly(methyl acrylate) that can be obtained from the cited functionalized initiators 
are shown in Fig. 11.23. These cases have been reported in the literature (Matyjaszewski et al., 1998). 
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Figure 11.22 ATRP of styrene (St) starting with various functionalized initiators(I). Conditions of polymer- 
ization (reported in literature): bulk, 110°C, [St]o/[I]Jo = 96, [lo /[CuBr]) /[dNbpy], = 1/1/2, time = 3.0 
h. (Adapted from Matyjaszewski, Coessens, Nakagawa, Xia, Qui, Gaynor, Coca, and Jasieczek, 1998.) 


11.3.8 Copolymerization 
11.3.8.1 Block Copolymers 


Since the polymer chains obtained by alkyl halide initiated ATRP contain an active halogen end 
group, they can be used as macroinitiators. Thus a macroinitiator can undergo further extension, 
either with the monomer used in its synthesis or with a second monomer forming a block copoly- 
mer. The growth of subsequent blocks can be achieved from an isolated macroinitiator or by 
addition of a second monomer in situ to an ATRP near completion. 

The preparation of hybrid block copolymers, that is, copolymers from monomers that poly- 
merize by different mechanisms has been a challenge facing polymer chemistry for many years. 
Traditionally, block copolymers are prepared by coupling preformed polymers, by sequential ad- 
dition of monomers to a living initiator, or by using a mixture of monomers that have substan- 
tially different rates of polymerization (Weimer et al., 1998). Where two different polymerization 
mechanisms are involved, the living end of the first block has to be transformed into an appro- 
priate reactive group capable of initiating polymerization of the second monomer. Much research 
has been published on the preparation of block copolymers with well-defined molecular structures 
by mechanism transformation process such as transformation of the ring-opening polymerization 
(ROP) of one monomer to stable free-radical polymerization (SFRP) (Yoshida and Sugita, 1996, 
1998; Yagci et al., 1997), ATRP (Kajiwara and Matyjaszewski, 1998; Xu and Pan, 2000; Guo and 
Pan, 2001; Guo et al., 2001), or reverse ATRP (Cianga et al., 2002) of another monomer (typi- 
cally, styrene). It may be recalled that reverse ATRP (see Problem 11.9) is initiated by traditional 
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Figure 11.23 ATRP of methyl acrylate (MA) starting with various functionalized initiators (I). Conditions of 
polymerization (reported in literature): bulk, 110°C, [MA]o/ [I]o = 58, [I]o / [CuBr]o / [dNbpy]) = 1/0.3/0.6, 
time = 1.7 h. (Adapted from Matyjaszewski, Coessens, Nakagawa, Xia, Qui, Gaynor, Coca, and Jasieczek, 
1998.) 


initiators such as AIBN, with the transition metal compound in its higher oxidation state (e.g. 
CuBr2/L2), resulting in polymers with narrow polydispersities. 

Another strategy for the preparation of block copolymers by the combination of controlled 
polymerization techniques consists of the introduction of a dual initiator (Bernaerts et al., 2003). 
Such a dual initiator contains two initiation sites capable of initiating two different polymerization 
reactions, independently and selectively, for combinations such as ATRP-SFRP (Tuncaet al., 2001, 
2002), ROP-ATRP (Mecerreyes et al., 1998, 1999; Meyer et al., 2002), and SFRP-ROP (Weimer 
et al., 1998; Puts and Sogah, 1997; Hawker et al., 1998). Another advantage of dual initiators, 
in comparison with other methods, is that one or both end groups of the resulting block copoly- 
mers can be used for a transformation process to produce ABC triblock (Tao et al., 2003), ABCD 
tetrablock, and higher block copolymers. Inorganic/organic hybrid ABC triblock copolymers have 
been synthesized by combining living anionic ROP with ATRP (Miller and Matyjaszewski, 1999), 
in addition to ABC triblock copolymers synthesized wholly by ATRP (Davis and Matyjaszewski, 
2000). 

The key to successful synthesis of block copolymers by ATRP is to maintain high chain end 
functionality, i.e., to limit termination and side reactions, and to balance the reactivity of the end 
group with that of the monomer, i.e., avoid slow initiation (Davis and Matyjaszewski, 2001). 
While the latter requirement can be overcome through a careful choice of the block order, radical 
termination cannot be completely avoided since free radicals are involved in propagation, but can 
be limited through careful choice of the polymerization conditions and through adjustment of the 
equilibrium between the active and dormant species, often by adding a “persistent radical” in the 
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form of a higher oxidation state metal (e.g., Cu(II) to Cu(1)) (Davis and Matyjaszewski, 2000). 

To develop a general one-pot, one-step method for the synthesis of block copolymers by 
simultaneous initiation of two or more polymerization mechanisms, without the need for inter- 
mediate steps, it is required, among other things, that under similar reaction conditions different 
monomers polymerize by different mechanisms without crossing over or interfering with each 
other. In order to eliminate the need of intermediate steps or chemical transformations in between 
polymerizations by different mechanisms, the concept of dual or double-headed initiator (Hawker 
et al., 1998) to perform dual living polymerizations from a single initiating molecule with no in- 
termediate activation or transformation was proposed. The compatibility of “living” or controlled 
free radical procedures (either nitroxide mediated or ATRP) with the living ROP of cyclic esters 
and vice versa, was demonstrated by the synthesis of a variety of well-defined block copolymers. 
For example, from a hydroxy-functionalized alkoxyamine, either the living ROP of e-caprolactone, 
or the “living” free radical polymerization of styrene can be performed, giving low polydispersity 
polymeric initiators. These polymeric initiators can then be used to initiate the living polymer- 
ization of other monomer systems without the need for modification via intermediate steps. In a 
similar manner, hydroxy-functionalized ATRP initiators have been used as bifunctional initiators 
for the polymerization of both e-caprolactone and a variety of other vinyl monomers (Hawker et al., 
1998), leading to novel block copolymers having low polydispersities and controllable molecular 
weights for all the blocks. 

A number of worked examples of block copolymers involving ATRP method of synthesis are 
given below to provide an overall flavor for the variety of structures that can be produced by 
combination of ATRP and other methods of polymerization. 


Problem 11.12 It was found that while poly(methyl methacrylate) macroinitiator made by ATRP of methyl 
methacrylate is able to initiate the ATRP of acrylic monomers, for ATRP polyacrylate macroinitiators to 
effectively initiate the ATRP of methyl methacrylate, the end group should be a bromine atom and the catalyst 
should be CuCl; that is, halogen exchange should take place (Shipp et al., 1998). Explain this behavior and, 
taking it into account, propose a strategy to synthesize AB diblock and ABA triblock copolymers, where A 
= poly(methyl methacrylate) and B = poly(methy! acrylate). 


Answer: 


Bromo-terminated poly(methyl acrylate) [P(MA)—Br] macroinitiator may first be prepared by ATRP of methyl 
acrylate (MA) using methyl-2-bromopropionate (MeBrP) as initiator and CuBr/bipyridine (bpy) as the cat- 
alyst. The ATRP of methyl methacrylate (MMA) may then be carried out with “halide exchange” (see 
later), using the obtained P(MA)-Br macroinitiator and a CuCl-based catalyst system, such as CuCl1/4,4’- 
di(5-nonyl)-2,2’-bipyridyl (ANbpy). This was reported to give close to 100% monomer conversion in 16 h at 
70°C (Shipp et al., 1998). The Br group initially provides fast initiation, but thereafter the end group of the 
growing polymer chain is predominantly the less labile Cl with the result that the rate of initiation is higher 
relative to the propagation rate, thereby improving initiation efficiency. 


On the basis of the above approach, the following strategy (Shipp et al., 1998) may be used to synthesize 
ABA triblock copolymer. Thus P(MMA)-Br macroinitiator may first be synthesized by ATRP of MMA 
and used to initiate ATRP of MA. The resulting AB diblock copolymer, PIMMA)-b-P(MA)-Br, may then 
be used to initiate ATRP of MMA, with “halide exchange” as described above, forming the desired ABA 
triblock copolymer. However, obtaining P(MMA) with close to 100% functionality was found (Shipp et al., 
1998) to be difficult, possibly because of side reactions that are more prevalent when Br is present as the end 
group. One way to avoid this difficulty is to first synthesize the central block, P(MA), using a bromide-type 
difunctional initiator, such as 1,2-bis(bromopropionyloxy) ethane, [CH2OC(=O)CH(CH3)Br]2, and then add 
MMA by “halide exchange” ATRP to both ends of the resulting bromo-ended difunctional macroinitiator. 
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Problem 11.13 Suggest ATRP procedures for synthesis of ABC-type triblok copolymers where A 
is polystyrene, B is poly(tert-buty] acrylate), and C is poly(methyl acrylate) in one case (Case 1) and 
poly(methy! methacrylate) in another case (Case 2). 


Answer: 


The procedures for the two cases are similar with a slight difference due to high end group reactivity in the 
second case involving methyl methacrylate (MMA). The synthesis in both cases is carried out in three steps. 


Case I: 


ABC triblock copolymer is formed typically through sequential monomer addition in three ATRP steps. Step 
One: polymerization of styrene (St) by mixing the components together in the following order — CuBr, St, 
PMDETA, and 1-pheny] ethyl bromide, typically at 100°C. The product is a monofunctional macroinitiator, 
namely, bromo-terminated polystyrene, P(St)—Br, which is isolated from the reaction products mixture and 
used in Step Two for the ATRP of tert-butyl acrylate (tBA) at 80°C, the order of addition of the components 
to the reaction mixture being P(St)—Br, CuBr, tBA, and PMDETA. The product of step 2 is a monofunctional, 
bromo-terminated macroinitiator, P(St)-b-P(tBA)-Br, which is isolated from the reaction products mixture 
and used in Step Three for the synthesis of ABC triblock copolymer by ATRP of methyl acrylate (MA) at 
70°C, the order of addition of the components to the reaction mixture being CuBr, P(St)-b-P({BA)—Br, MA, 
and PMDETA. The product of step 3 is the triblock copolymer P(St)-b-P(tBA)-b-P(MA)-Br. 


Case 2: 


The first two steps leading to the formation of a bromo-terminated monofunctional macroinitiator P(St)-b- 
P(tBA)-Br are the same as above. However, some change is needed in step 3 involving chain extension 
with MMA to obtain the triblock copolymer P(St)-b-P(tBA)-b-P(MMA)-Br. To achieve control of molecular 
weights and distributions, one needs to use “halide exchange” — a technique that involves the addition of 
CuCl during the chain extension of bromo-terminated macroinitiator wih MMA. This markedly improves the 
rate of initiation relative to propagation and gives controlled polymerization (‘“livingness”). Catalyst solution 
made by dissolving CuCl in acetone and HMTETA (Fig. 11.17) is added to a solution of P(St)-b-P(tBA)-Br 
in MMA and reaction is performed at 70°C. [Note: The HMTETA ligand is used as the complexing agent 
for Cu(D) species as it results in a homogeneous solution in MMA and avoids heterogeneity associated with 
the corresponding PMDETA complex in MMA. Another important note is that a 1:1 molar equivalent of the 
complex is used relative to the concentration of end groups and not relative to the concentration of initiator.] 


Problem 11.14 Explain the mechanism of “halide exchange” in the context of ATRP of methyl methacry- 
late. 


Answer: 


The mechanism of “halide exchange” can be described by the illustration (M = methyl methacrylate): 


~~ + CuCl/ligand e — ~~e + CuClBr/ligand —~—> 


+ 
A ~~ CI + CuBr/ligand 
+M B 


kp 


The scheme means that if a bromo-ended (macro)initiator is used in conjunction with a CuCl/ligand catalyst, 
the formed radical will preferentially abstract the Cl from the deactivator, forming Cl-terminated polymer 
chains and a CuBr/ligand catalyst. Thus, once cross-propagation occurs and methacrylate chain ends are 
formed (which is rapid because the monomer is very reactive), the rate of activation of the methacrylate- 
terminated polymer chain having less labile Cl end group will be lower and, therefore, the equilibrium con- 
stant (k act /k deact ) Will be smaller. The “halide exchange” method would thus enable the use of alkyl halides 
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Figure 11.24 Multifunctional initiators possessing initiating sites for more than one type of polymerization. 
Use of some of these initiators is demonstrated in several worked examples given subsequently. (Adapted 
from Weimer, Scherman, and Sogah, 1998.) 


of apparently lower reactivities in the polymerization of monomers with apparently higher equilibrium con- 
stants. (It may be noted that if linear amine ligands are used to complex Cu(I) catalysts, reaction A does not 
participate significantly (~1%). In contrast, if Cu(1)/bpy systems are used, the radical may react with either 
Br or Cl, resulting in a mixture of halogen chain ends as well as Cu(1) species, so that both A (~10%) and B 
(~90%) participate in the activation/deactivation cycle.) 


Weimer et al. (1998) reported the synthesis of multifunctional initiators I-V (Fig. 11.24) all of 
which possess initiating sites for more than one type of polymerization. For example, I possesses 
initiating sites that can withstand different polymerization conditions and so can be independently 
and selectively utilized for living free radical, anionic, anionic ring-opening, and cationic ring- 
opening polymerizations, thus enabling successful preparation of block and graft copolymers by 
sequential polymerization of different types of monomers without the need for intermediate steps 
and chain end transformations, or by one-step, one-pot simultaneous copolymerization involving 
different polymerization mechanisms. 


Problem 11.15 (a) Show how 2,2,2-tribromoethanol, which is a hydroxy-functionalized ATRP initiator, 
can be used as a dual functional initiator to prepare well-defined block copolymers by dual living free-radical 
and ring-opening polymerizations. (b) Suggest a method for preparing a triblock copolymer poly(caprolactone)- 
b-poly(methyl methacrylate)-b-poly(nbutyl acrylate) using this dual functional initiator. 
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Answer: 


(a) The compound 2,2,2-tribromoethanol (TBE), Br3CCH20OH, has two different types of functional groups 
(Br and OH) on a simple molecule. This double-headed initiator can be used to initiate ATRP of vinyl 
monomers and also as an initiator for the living ring-opening polymerization (ROP) of cyclic ethers, esters, 
and amides. Thus, under standard conditions, using CuBr/bpy as the metal complex, the homopolymerization 
of styrene with TBE (P15-D is an ATRP process with the molecular weight of the product being controlled by 
the initiator to monomer ratio and polydispersity being low (Hawker et al., 1998). Similarly, homopolymer- 
ization of methyl methacrylate (MMA) using TBE and NiBro(PPh3)2 or RhBr(PPh3)3 as metal catalyst, is a 
living process leading to low polydispersity, controlled molecular weight materials with one polymer chain 
being initiated per TBE molecule (see Scheme P11.15.1), in agreement with the finding that polyhalogenated 
initiators, such as CCly, can be used in ATRP. 


To demonstrate the use of TBE as an initiator for the living ROP of cyclic esters (e.g., e-caprolactone, 
CL), aluminum tris(isopropoxide), Al(OiPr)3, can be reacted with 4 equiv of TBE and then added to a so- 
lution of CL in toluene and polymerization conducted at room temperature for 1 h (Hawker et al., 1998) to 
obtain poly(caprolactone) (PCL) derivatives (P15-II) with molecular weights similar to theoretical molec- 
ular weights and low polydispersities. [Instead of Al(OiPr)3, triethylaluminum (Et3 Al) can also be added at 
room temperature so as to obtain the activated alkoxide derivative to catalyze the ROP of CL.] 


The above two processes can also be combined into a novel synthetic strategy for the synthesis of a wide 
variety of block copolymers from a readily available double-headed initiator using ATRP. Thus, as shown in 
Scheme P11.15.1, a short PMMA) block can be grown from TBE using ATRP to obtain a monohydroxy- 
terminated P(MMA) derivative, P15-II. This, after reacting with Et3Al at room temperature to generate the 
activated alkoxide derivative, can be used to initiate the living ROP of CL, leading to the diblock copolymer 
P(CL)-b-P(MMA)-Br (P15-IV). Alternatively, P15-IV may also be obtained from P15-III by ATRP using 
NiBr2(PPh3)2 as metal catalyst. 


(b) An added benefit of ATRP is the presence of a dormant initiating group (Br in the present case) at the 
chain end of a synthesized polymer block. Consequently, additional blocks can be grown by reactivation of 
the ATRP process. This allows the preparation of novel multiblock copolymers. Thus, using the diblock 
copolymer P15-IV as the macroinitiator, a third block of P(nbutyl acrylate) can be added by polymerization 
of n-butyl acrylate (nBA) under ATRP conditions to obtain the desired triblock copolymer P(CL)-b-P(MMA)- 
b-P(nBA), 


Problem 11.16 A dual initiator, 4-hydroxy-butyl-2-bromoisobutyrate (HBBIB) was synthesized (Bernaerts 
et al., 2003) by the reaction of 1,4-butanediol with 2-bromoisobutyric acid using p-toluene sulfonic acid as 
catalyst in toluene. Suggest a scheme for the synthesis of well-defined poly(tetrahydrofuran)-b-polystyrene 
block copolymer with controlled molecular weights and low polydispersities using HBBIB. 


Answer: 


The dual initiator HBBIB is a molecule containing two functional groups (-OH and —Br) capable of initiat- 
ing two polymerizations occurring by different mechanisms. It can be used (Bernaerts et al., 2003) for the 
successful two-step synthesis of well-defined block copolymers of styrene (St) and tetrahydrofuran (THF) by 
ATRP and cationic ring-opening polymerization (CROP), as shown in Scheme P11.16.1. This dual initiator 
contains a bromoisobutyrate group, which is an efficient initiator for ATRP of styrene in combination with the 
Cu(0)/Cu(ID/PMDETA catalyst system. This produces polystyrene (PSt) with hydroxyl groups (PSt—OH). 
On the other hand, the hydroxyl group originating from the dual initiator can be reacted in situ with trifluo- 
romethane sulfonic anhydride to produce a triflate ester, which can then be used as the initiating group for 
the CROP of THF, leading to poly(THF) with a tertiary bromide end group (PTHF-—Br). The homopolymers, 
PSt-OH and PTHF—Brcan be applied as macroinitiators for the CROP of THF and ATRP of St, respectively, 
leading to well-defined PTHF-b-PSt block copolymers having low polydispersities (Bernaerts et al., 2003). 
It may be noted that for PSt-OH to act as a macroinitiator for CROP, the hydroxy] function should stay intact 
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Scheme P11.15.1 Polymerizations by different mechanisms from a multifunctional initiator to obtain block 
copolymer (Problem 11.15). (From Hawker et al., 1998. With permission from American Chemical Society.) 


during the ATRP. In fact, it has been demonstrated earlier (Mecerreyes et al., 1998) that the hydroxyl function 
is compatible with the ATRP of vinyl monomers. 


Problem 11.17 Discuss how amphiphilic block copolymers (a) AB diblock poly(acrylic acid)-b-polystyrene 
and (b) ABA triblock poly(acrylic acid)-b-polystyrene-b-poly(acrylic acid), both asymmetric and symmetric, 
can be prepared by ATRP. 


Answer: 


Acrylic acid cannot be polymerized by ATRP which is sensitive to the presence of acids. Moreover, since 
many of the ligand systems utilized are nitrogen-based, protonation of the nitrogen may occur, disrupting 
its coordination to the metal center. The solution to this problem is to polymerize protected monomers, 
followed by a deprotection step to generate the polyacid. Thus Davis and Matyjaszewski (2000) synthesized 
poly(acrylic acid) (PAA) via hydrolysis of poly(tert-butyl acrylate) (PtBA), which, in turn, was obtained by 
ATRP of tBA using a CuBr/PMDETA catalyst system in conjunction with an alkyl bromide, such as methyl- 
2-bromopropionate (MBrP), as the initiator. The monomer conversion was 93% after 320 min at 60°C. 


Monofunctional BA Polymerization: 


For a typical monofunctional tBA polymerization (Davis and Matyjaszewski, 2000) to form P(tBA) macroini- 
tiator (with initial concentration ratios tBA : MBrP : CuBr: PMDETA : CuBr? = 50: 1 : 0.5 : 0.525 : 0.025, 
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Scheme P11.16.1 Synthesis of poly(THF)-b-poly(St) block copolymers with the dual initiator HBBIB (Prob- 
lem 11.16). (From Bernaerts et al., 2003. With permission from John Wiley & Sons, Inc.) 


25% acetone), an amount of deoxygenated acetone (according to chosen scale of reaction) was added to CuBr 
and CuBrp in a nitrogen-filled dry flask, followed by tBA and then PMDETA. [Note: The CuBr/PMDETA 
catalyst system being heterogeneous, the addition of acetone (solvent) was necessary to create a homoge- 
neous catalyst system, while the addition of some Cu(II) species was necessary to establish control via the 
persistent radical effect (Fischer, 1997). The contents of the flask were stirred until the Cu complex had 
formed (visualized through a change of the solution from cloudy and colorless to clear and light green). After 
complex formation, the initiator MBrP was added and the flask was heated in a thermostated oil bath at 60°C. 
The monomer conversion was 96% after 6.5 h. The obtained polymer (i.e., macroinitiator), MP(fBA),Br 
(MP = methyl propionate), was recovered from the reaction mixture and purified in several successive steps 
(Davis and Matyjaszewski, 2000). It had M, = 7300 and M,,/M, = 1.11. In comparison, the theoretical M, 
= MW of MBrP + (MW of tBA)(50/1)(0.96) = 6311. 


Block Copolymerization 


(a) AB Diblock Copolymer 


Block copolymerization was performed (Davis et al., 2000) in the same manner as a typical polymeriza- 
tion (see above); however, the order of addition was modified, the macroinitiator and CuBr being added 
to the flask initially. In a typical procedure, the macroinitiator, MP(tBA),Br (M„ = 7300, 3.0 g, 4.4x1074 
mol) and CuBr (63 mg, 4.4x1074 mol) were added to a dry, nitrogen-filled flask, followed by deoxygenated 
styrene (5.0 mL, 4.4x10~? mol), which dissolved the macroinitiator. The ligand PMDETA (2 uL, 4.4x1074 
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mol) was then introduced and the solution was stirred until the Cu complex had formed (visually confirmed 
through color change). The flask was then placed in a thermostated oil bath at 100°C for 140 min. GC 
analysis showed that the monomer conversion was 94%. The diblock copolymer formed, namely, MP(¢#BA),- 
b-(St)yBr, had M, = 18150 and M,/M, = 1.11; in comparison, theoretical M, = (MW of macroinitiator) + 
(MW of St)(4.4x 107? /4.4x10~4)(0.94) = 7300 + 9776 = 17,076. 


To obtain the amphiphilic copolymer PAA-b-PSt, the diblock copolymer PtBA-b-PSt, synthesized as 
above, was dissolved in an equal weight of dioxane, and a three-fold excess of concentrated HCI (based on 
the moles of ester groups present) was added. The mixture was heated under reflux for approximately 4 h. 
The polymers were then precipitated into water and dried under vacuum (Davis et al., 2000). 


(b) ABA Triblock Copolymer 


An ABA-type triblock copolymer can be obtained by ATRP in two alternative ways, namely, by sequential 
addition or simultaneous addition of blocks, the former leading to asymmetric and the latter to symmetric 
triblock copolymers. 


Asymmetric ABA triblock. The bromo-terminated macroinitiator MP(tBA),-b-(St)yBr obtained in (a) can 
be used for ATRP of BA, which was performed (Davis and Matyjaszewski, 2000) using CuBr/PMDETA as 
the catalyst system (with the addition of a small amount of CuBr2 for the persistent radical effect) and the 
initial concentration (mole) ratios of BA : MP(tBA),-b-(St)yBr : CuBr: PMDETA: CuBr? = 100: 1:1: 
1: 0.05. After 14.5 h at 60°C, the monomer (tBA) conversion was 57%. The triblock copolymer obtained can 
be represented as MP(#BA),-b-(St)y-b-((BA) Br (x £ z), with theoretical M, of (fBA)z = (100/1)(0.57)((MW 
of tBA) = 7296, as compared to theoretical M, of (tBA), = 6311 (calculated earlier). 


Symmetric ABA triblock. In this case, the central P(St) block is first made using a difunctional initiator such 
as dimethyl 2,6-dibromoheptanedioate (DMDBHD), CH2[CH2CH(Br)CO2CH3], and the resulting difunc- 
tional Br—P(St)—Br is used as the macroinitiator for simultaneous ATRP of tBA from its two ends, using the 
CuBr/PMDETA catalyst system. For the synthesis of Br—P(St)—Br, Davis and Matyjaszewski (2000) used the 
following initial concentration (mole) ratios, St: DMDBHD : CuBr: PMDETA = 20: 1: 0.2: 0.2. In the 
procedure used, CuBr and DMDBHD were added to a dry nitrogen-filled flask, followed by deoxygenated St 
and deoxygenated PMDETA. The contents of the flask were stirred to form the copper complex, while the 
solution changed from cloudy and colorless to dark green but was heterogeneous. The flask was then placed 
in a thermostated bath at 100°C. The monomer (St) conversion was 59% after 100 min. (The conversion 
was kept low to insure good chain-end functionality.) The difunctional polymer obtained had M„ = 1100 and 
M,,/Mn = 1.17. In comparison, the total theoretical M, of the two polystyrene segments (represented in the 
following simply as PSt) = 104(20/1)x0.59 = 1227 (excluding the molar mass of DMDBHD initiator 
residue between the segments). 


To form the symmetric triblock copolymer P(tBA)-b-P(St)-b-P(tBA) from the difunctional macroinitiator 
Br—P(St)—Br obtained as above, Davis and Matyjaszewski (2000) used the concentration (mole) ratios of BA 
: Br-P(St)-Br: CuBr: PMDETA = 70: 1: 0.5: 0.5 and the order of addition was as follows: Br—P(St)— 
Br and CuBr were added to a dry, nitrogen-filled flask, followed by deoxygenated tBA along with one-third 
its volume of acetone (which dissolved the polymer). PMDETA was then added and the copper complex 
formed. The solution was initially heterogeneous, but after heating at 60°C for about 10 min, the solution 
became homogeneous and after 22.5 h the monomer conversion was 96%. Analysis by 'H NMR showed that 
the copolymer had the composition 89% tBA, 11% P(St) — based on the ratio of the area for the aromatic 
protons of P(St) to the total area for the block copolymer — while, in comparison, the theoretical composition 
(for 100% monomer conversion) is (70128) /[(70x128) + 1227] = 88% P(tBA) and 12% P(St). 


The tert-butyl ester groups, —-CO2(C(CH3)3), in both asymmetric and symmetric triblock copolymers 
obtained above are easily hydrolyzed to -COOH by refluxing with HCl in dioxane solution to yield the 
corresponding amphiphilic triblock copolymers, containing an interior block of hydrophobic polystyrene 
and outer blocks of hydrophilic poly(acrylic acid). 
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Figure 11.25 Schematic illustration of “grafting from” and “grafting through” processes. Each ‘X’ repre- 
sents a chain initiating site. (Adapted from Matyjaszewski and Xia, 2001.) 


11.3.8.2 Graft Copolymers 


Graft copolymers can be synthesized through one of the three routes (Matyjaszewski and Xia, 
2001): (i) “grafting from” processes in which grafts are generated from the pendant functionality 
of a polymer (macromonomer); (ii) “grafting through” processes which operate by homo- or co- 
polymerization of a macromonomer (see Fig. 11.25); and (iii) “grafting onto” processes which 
occur by attachment of growing chains to a polymer backbone. Among the three methods, the first 
two have been used in combination with ATRP in the design of a variety of graft copolymers. 

By extension of the ATRP mechanism of the R—Cl/CuCl/ligand and R-Br/CuBr /ligand sys- 
tems, various graft copolymers have been accomplished via the “grafting from” process using 
suitable brominated polymer initiators. An early example of the “grafting from” process using 
ATRP was the synthesis of graft copolymers of poly(vinyl chloride) (PVC) with styrene and 
(meth)acrylates (Paik et al., 1998). PVC containing 1% (mol) of pendant chloroacetate groups 
was used as a macroinitiator in ATRP of styrene, methyl acrylate (MA), n-butyl acrylate (nBA), 
and methyl methacrylate (MMA) (Fig. 11.26). The molecular weight of the copolymer in each 
case increased above that of the macroinitiator due to grafting of new chains, yet the polydispersity 
remained essentially the same (except in the case of MMA). There was a large increase in poly- 
dispersity for the MMA polymerization, which was ascribed to the slow ATRP initiation of MMA 
(Paik et al., 1998) from the primary alkyl halide sites. It may be noted that the grafting by ATRP 
occurs at the chloroacetate sites, while the PVC backbone remains intact because the secondary 
chlorine on the PVC backbone is too strongly bonded to initiate the polymerization by reaction 
with Cu(1) complex. 

Commercial polymers with suitable pendant functional groups are of great interest as macroini- 
tiators for the synthesis of graft copolymers with controlled architectures and properties. One such 
product is poly[isobutylene-co-(p-methy] styrene)-co-(p-bromomethy] styrene) ] (PIB) (EXXPRO), 
which is prepared by carbocationic polymerization and can be used for a variety of processes and 
applications. Using ATRP and a grafting from process, grafts of styrene (Fénagy et al., 1998) and 
MMA (Hong et al., 2001) on EXXPRO were produced (Fig. 11.27). Thermoplastic elastomeric 
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Figure 11.26 Preparation of polystyrene- and poly(metha)acrylates-grafted PVC via ATRP at 110°C and 
90°C, respectively, using poly(vinyl chloride)-co-(vinyl chloroacetate) as macroinitiator. (From Paik et al., 
1998. With permission from John Wiley & Sons, Inc.) 


behavior with reversible elongations of up to 500% was observed when the copolymer contained 
6% (by wt.) polystyrene grafts (Fónagy et al., 1998). 

Because of their low chemical reactivity and polarity, high ductility, and good processabil- 
ity, polyethylene (PE) and polypropylene (PP) are often blended with other plastics to improve 
their performance. However, polyolefins being incompatible with almost all other polymers due 
to their low surface energy, compatibilizing agents are necessarily added to avoid microphase 
separation. Such compatibilizers are usually block or graft copolymers containing polyolefin seg- 
ments. Though free radical graft polymerization onto PE and PP using “grafting from” method 
with initiation via ionizing radiation (gamma or electron beam), UV with accelerators, or peroxide 
reaction, is commonly used, this approach leads to ill-defined products due to crosslinking and 
chain cleavage reactions, besides formation of large quantities of homopolymer. In this respect, 
a better approach would be the controlled/living free radical techniques, which, as we have noted 
earlier, allow control of both molecular weights and polydispersities. 

The grafting of polymers containing functional groups, such as PMMA, onto ethylene-propyl- 
ene-diene terpolymer (EPDM) could dramatically increase the interaction of EPDM to a broad 
range of materials. Such graft copolymers of EPDM could be used as compatibilizers in polymer 
blends and composites. Earlier attempts to prepare EPDM graft copolymers by the radical or 
radiation “grafting from” as well as “grafting onto” methods have always resulted in ill-defined 
products as a result of gel formation (crosslinking), chain degradation, or simultaneous formation 
of homopolymer. In contrast, EPDM graft copolymers with well-controlled structure can be easily 
synthesized through controlled/living free radical polymerization (see Problem 11.18). 


Problem 11.18 Dienes commonly used in EPDM rubbers include dicyclopentadiene, 4-ethylidene norborn- 
2-ene, and hexa-1,4-diene. Devise a strategy to prepare (via ATRP and “grafting from” approach) graft 
copolymers containing EPDM backbone chains and PMMA branches, the diene used in the EPDM being 
ethylidene norbornene. 
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Figure 11.27 ATRP grafting of polystyrene on poly[isobutylene-co-(p-methy] styrene)-co-(p-bromomethy1 
styrene)] (x = 0.967, y = 0.02, z = 0.013) macroinitiator at 100°C. (Drawn following the synthesis procedure 
of Fónagy et al., 1998. With permission from John Wiley & Sons, Inc..) 


Answer: 


The EPDM backbone can be brominated using N-bromosuccinimide (NBS) and 2,2’-azobisisobutyronitrile 
(AIBN) to introduce allyl bromine on the backbone and then the brominated polymer (EPDM-Br) can be 
used in conjunction with CuBr/bpy to initiate the polymerization of MMA. Figure 11.28 summarizes the 
principal stages of the preparation method. 


In the procedure employed by Wang et al. (1999), 10 g of a commercial EPDM rubber (Vistollon 2727 
from Exxon) was dissolved in 500 mL CCl4. The allylic bromination was carried out by adding 0.45 g 
(2.5 mmol) NBS (an excellent allylic bromination agent) and 0.06 g (0.36 mmol) AIBN to the solution and 
refluxing at 90°C for 1.5 h. The bromination efficiency was about 90%. The reaction mixture was cooled, 
filtered, precipitated in methanol, and the resulting product (EPDM-Br), to be used as the macroinitiator for 
subsequent ATRP, was dried under vacuum at 60°C. To perform “grafting from” reaction on this EPDM-Br 
(0.5 g), the ATRP of MMA (8 mL in 25 mL xylene) was initiated with the concentration (mole) ratio of 
allylic Br: CuBr: bpy = 1: x: y. The maximum grafting efficiency (93%) with 90% monomer conversion 
was obtained when this mole ratio was 1 : 0.8 : 2.4 and the reaction was conducted at 90°C for 20 h. 
The polymeric product recovered by precipitation into methanol was found to consist of only EPDM-g- 
PMMA and PMMA homopolymer, which was removed by extraction with hexane. The graft copolymers 
were characterized by solvent extraction, IR, and H! NMR spectra. 


Living/Controlled Radical Polymerization 621 


m~>CH — CHn~~Y m~—~—> CH CHa 
NBS 
— 
AIBN 
H-CH,; H-CH,Br 
MMA 
CuBr/bpy 


™~—~~—~CH CHa 


H-CH (MMA), — Br 


Figure 11.28 Synthesis of graft copolymers made of EPDM rubber backbone and PMMA branches, using 
ATRP procedure and “grafting from” approach, the diene of the EPDM rubber being 4-ethylidene norborn- 
2-ene. (Adapted from Wang et al., 1999.) 


Densely grafted copolymers (also called bottle-brush copolymers), which have evoked consid- 
erable interest in recent years, contain a grafted chain at each repeat unit of the polymer backbone. 
Several examples of such brush copolymers synthesized by “grafting from” process involving 
ATRP have been provided in the literature (Beers et al., 1998; Yamada et al., 1999; Boerner 
et al., 2001). In one study, the copolymers were assembled by grafting from the linear back- 
bone of a macroinitiator, which was synthesized by conventional radical polymerization of 2-(2- 
bromopropionyloxy) ethyl acrylate in the presence of CBr4, yielding a polymer (macroinitiator) 
with Mn = 27,300 and high polydispersity M,,/M, = 2.3. ATRP of styrene and n-butyl acrylate was 
conducted with this macroinitiator, leading to the desired densely grafted structures (Fig. 11.29). 

The other example of brush copolymers is based on the “grafting through” approach where 
macromonomers with vinyl terminal are synthesized first and polymerization is carried out through 
the terminal double bonds to produce densely grafted macromolecules. The “grafting through” 
approach in combination with ATRP has also been applied in the copolymerization of PMMA 
macromonomers with n-butyl acrylate (Roos et al., 1999, 2000). 


11.3.8.3 Star and Hyperbranched Polymers 


Among branched polymers, star polymers represent the most elementary way of arranging the 
subchains since each star contains only one branching point, and as such, they serve as useful 
models for experimental evaluation of theories about solution properties and rheological behavior 
of branched polymers (Angot et al., 1998). Star polymers find applications as additives in various 
areas such as rheology modifiers, pressure sensitive additives, etc. Besides serving as additives, 
star polymers can also be used as such to achieve specific properties. For instance, star block 
copolymers with polystyrene-b-polybutadiene (PSt-b-PB) arms have better processability and me- 
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Figure 11.29 Synthesis of densely grafted (“bottle-brush”) copolymers using ATRP and “grafting from” 
process. Note: PSt = polystyrene; PBA = poly(n-butyl acrylate). (Adapted from Matyjaszewski and Xia, 
2001.) 
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chanical properties compared to linear PSt-b-PB-b-PSt multiblock copolymers. The polystyrene 
stars marketed by Philips and star-branched butyls offered by Exxon are examples of commercial 
star polymers. 

There are essentially two methods to obtain star polymers: (a) “arm first” method (linking 
a given number of linear chains to a central core) (David et al., 1986; Hadjichristidis et al., 1978; 
Morton et al., 1962) and (b) “Core first” method (growing branches from an active core) (Jacob 
et al., 1996; Shohi et al., 1992; Schappacher and Deffieux, 1992). To produce star polymers 
with a precise number of arms, the core-first methodology requires that structurally well-defined 
plurifunctional initiators be used. Multifunctional initiators of high and yet precise functionality 
that could serve to polymerize vinylic monomers are scarce. The only examples of such initiators 
that yield well-defined star polymers are those developed for use in carbocationic polymerization 
(Jacob et al., 1996). Reports on the use of plurianionic initiators (Eschwey et al., 1973) are much 
fewer, which might be due to poor solubility of these initiators. 

Though ATRP has been applied successfully in macromolecular engineering to synthesize var- 
ious block and graft copolymers as well as hyperbranched polymers, only a few reports are, how- 
ever, available on the synthesis of star-shaped polymers using ATRP. Star polymers can be synthe- 
sized by ATRP using multifunctional small molecule initiators in core-first methodology. Some 
examples are the preparation of hexa-arm stars using hexakis(bromomethyl)benzene as the initia- 
tors for styrene ATRP (Wang et al., 1995), the synthesis of a tri-arm PMMA (Ueda et al., 1998), 
and the synthesis of tri-arm liquid-crystalline polycrystals by ATRP using tris(bromomethyl)mesi- 
tylene as a trifunctional initiator (Kasko et al., 1998). 

The use of calixarenes as novel plurifunctional initiators for ATRP has been reported. Well- 
controlled ATRP of MMA and n-butyl acrylate from dichloroacetate-substituted calixarenes hav- 
ing functionalities of four, six, and eight (Ueda et al., 1998) and that of styrene from octafunctional 
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Figure 11.30 Schematic representation of hyperbranched polymer and AB* monomers. (After Maty- 
jaszewski and Xia, 2001.) 


2-bromopropionate-modified calixarenes (Angot et al., 1998) have been reported. In a similar way, 
multifunctional initiators with three, four, six, and eight sulfonyl halide groups have been used to 
prepare star polymers by ATRP of methacrylates and styrene (Percec et al., 2000). Hexa- and 
dodeca-functionalized initiators composed of 2-bromoisobutyrates have been synthesized from 
dendrimer-forming moieties (Heise et al., 1999). 

Preparation of hyperbranched polymers using ATRP involves self-condensing vinyl polymer- 
ization (SCVP) (Frechét et al., 1995) of AB* monomers, which contain two active species, viz., 
the double bond A group (polymerizable) and the initiating site B*. Two main examples explored 
in detail within the context of ATRP are p-chloromethy] styrene or vinyl benzyl chloride (VBC) 
and 2-(2-bromopro-pionyloxy) ethyl acrylate (BPEA) (Fig. 11.30). Several other (meth)acrylates 
with either 2-bromopropionate or 2-bromoisobutyrate groups have also been used. 

In the ATRP synthesis with VBC monomer, the structure of the hyperbranched polymer formed 
was found to depend on the concentration of the catalyst relative to monomer (i.e., initiator). Ap- 
parently, in the presence of more catalyst, more deactivator is formed, leading to faster deactivation 
and a higher degree of branching. However, in the presence of more catalyst, more radicals are 
also formed, resulting in more termination and additional branching via radical coupling (Weimer 
et al., 1998). Using multifunctional initiators in an SCVP reaction leads to the possibility of in- 
tramolecular cyclization resulting in lower polydispersity. 

The terminal halogens in hyperbranched polymers (see Fig. 11.30) can be replaced by more 
useful functionalities, such as azido, amino, hydroxy, and epoxy. The multifunctional polyols and 
polyepoxides resulting in the latter two cases can be potentially used to perform thermosetting 
operations. 

Multifunctional initiators, produced by dendrimer techniques, have been used to synthesize 
“dendrimer-like” star-block copolymers by ATRP method (Hedrick et al., 1998). Starting from 
a hexafunctional initiator, €-caprolactone was polymerized and each hydroxyl group was then 
chemically transformed into two 2-bromo-isobutyrate moieties, which were used to initiate the 
ATRP of either MMA or a mixture of MMA and hydroxy ethyl methacrylate (HEMA) to produce, 
in the latter case, dendrimer-like star-block copolymer composed of a poly(e-caprolactone) core 
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Figure 11.31 Preparation of functional star polymers by ATRP using the “arm first” approach. (Adapted 
from Matyjaszeswki and Xia, 2001.) 


and a poly(MMA-co-HEMA) shell (Hedrick et al., 1998). 

All of the examples of star polymer formation cited above from the literature represented 
“core first” approach where the formation of polymeric arms started from a preformed core. The 
so-called “arm first” approach has also been applied to synthesize star polymers. Thus, linear 
polymers of polystyrene or poly(tert-buty] acrylate) were first prepared by ATRP and then reacted 
with a cross-linking reagent, such as divinyl benzene (Fig. 11.31), 1,4-butanediol diacrylate, or 
ethylene glycol dimethacrylate, to generate cross-linked cores (Xia et al., 1999; Zhang et al., 
2000). The highest efficiency (~95%) of star formation was observed with 10- to 15-fold excess 
of the difunctional crosslinking agent over chain ends. 

ATRP being highly tolerant to functional groups, functional initiators can be used to directly 
prepare arms with a-functionalities (Fig. 11.31). End-functional star polymers with diverse groups 
such as hydroxy, epoxy, amino, cyano, and bromine on the periphery were thus synthesized (Zhang 
et al., 2000). Radical addition reactions can also be used to incorporate useful functionalities, such 
as epoxy or hydroxy groups by a chain end transformation process (Coessens et al., 2000). If a 
difunctional initiator is used for ATRP of a monomer in the “arm first” approach and is followed by 
reaction with difunctional monomer, it can lead to the formation of fairly homogeneous crosslinked 
polymer gels (Asgarzadeh et al., 1999). 


11.3.9 Aqueous Systems 


Application of ATRP to dispersed aqueous systems (emulsion and miniemulsion polymerization) 
has attracted attention in recent years as it may provide process and economic advantages over 
the traditional homogeneous bulk and solution polymerizations. However, adaptation of the ATRP 
process to aqueous dispersions poses several challenges that originate mainly from having more 
than one phase in the reaction mixture which lead to issues related to phase partitioning and trans- 
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port of the controlling agent between phases, the role of aqueous phase kinetics, and the phenom- 
ena of particle nucleation and colloidal stability. While many of the characteristics of SFRP or 
NMP also pertain to ATRP, there are critical differences in the phase partitioning behavior of the 
ATRP activating and deactivating species. With SFRP/NMP, activation of dormant chain (releas- 
ing nitroxide) is a unimolecular pocess and deactivation of an active chain (by a free nitroxide) is 
a bimolecular process. In ATRP, however, a bimolecular pocess is involved in both the activation 
and deactivation steps. Furthermore, different species (differing in oxidation states) are involved 
in activation and deactivation steps. They are, therefore, likely to exhibit widely differing phase 
partitioning. It is possible, for example, that chain deactivation in ATRP occurs only in the organic 
phase. Consequently, the effects of operating in a heterogeneous environment compared to a ho- 
mogeneous system can be more complex with ATRP as compared to SFRP/NMP (Cunningham, 
2002). 


11.4 Degenerative Chain Transfer 


In this approach (Matyjaszewski et al., 1995), while the overall polymerization scheme consists 
of all typical elementary reactions, such as initiation, propagation, and termination, it is moreover 
supplemented by a reversible chain transfer, also termed degenerative transfer, that involves an 
atom or group transfer from a covalent, dormant species present in large excess over the initia- 
tor. The degenerative transfer step in the radical polymerization of alkenes, CH2=CHR, in the 
presence of a transfer agent, R’—X, is shown in Fig. 11.32. Growing radicals, wwwCH2 CHR, 
react bimolecularly with R’-X to become dormant species, wwwCH2CH(R)X, through transfer of a 
group or an atom, X. The new radical R’ * reacts with monomer to become a propagating polymer 
chain which then becomes dormant by transfer of X from another dormant chain. If exchange is 
fast in comparison with propagation, all R’ will become initial end groups in the polymer chains. 
The total number of chains in the system is then equal to the sum of the chains generated by the ini- 
tiator and those formed from the transfer agent. When the transfer agent is present in large excess 
over the initiator, the proportion of chains irreversibly terminated (i.e., those from initiator) should 
be very low and nearly all chains will terminate with X, which can be activated, thus conferring 
a living character on the process. The theoretical dependency of the degree of polymerization is 
given by DP, = A[M]/([R’ — X], + [I]o), where I is the initiator. 


11.5 Reversible Addition-Fragmentation Chain Transfer 


Reversible addition-fragmentation chain transfer (RAFT) polymerization is a relatively new me- 
thod for carrying out controlled/living free-radical polymerization. Since its introduction in 1998, 
RAFT has rapidly developed into one of the leading techniques of living polymerization. It is 
arguably the most versatile controlled polymerization process in terms of the variety of monomers 
for which polymerization can be controlled, reaction conditions (polymerization can be carried out 
under relatively mild conditions, and in bulk, solution, emulsion or suspension), tolerance to func- 
tionalities, and the range of polymeric architectures (e.g., linear block copolymers, comb-like, star, 
brush polymers, and dendrimers) that can be produced. The main advantage of RAFT over other 
types of living radical techniques (NMP or ATRP) is that it can be used for a much wider range of 
functional and nonfunctional monomers — including (meth)acrylates, (meth)acrylamides, acry- 
lonitrile, styrene, and derivatives, butadiene, vinyl acetate, and N-vinylpyrrolidone — and with a 
wider variation of reaction conditions, including aqueous environments at low temperatures. 
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Figure 11.32 Reaction scheme of controlled free-radical polymerization, based on degenerative chain trans- 
fer, of butyl acrylate (R = C4HgCOO-) in the presence of secondary alkyl iodide (R’ = CH3CH(Ph)-, X = I) 
as the degenerative transfer agent. The latter alone does not initiate polymerization. (Drawn following the 
method of Matyjaszewski et al., 1995.) 


The RAFT technique depends on the use of addition-fragmentation chain transfer agents (called 
RAFT agents) that possess high transfer coefficients in free-radical polymerization and confer liv- 
ing character on the polymerization via a reversible chain-transfer process. To carry out RAFT 
polymerization, a chosen quantity of an appropriate RAFT agent is added to a conventional free- 
radical polymerization, while employing usually the same monomers, initiation, solvents, and 
temperatures. As in conventional free-radical polymerization, initiation can be classified into three 
classes: (1) decomposition of organic initiators, (2) initiation via an external source (UV-vis or y- 
ray), and (3) thermal initiation. Radical initiators, such as azobisisobutyronitrile (AIBN) and 4,4’- 
azobis(4-cyanovaleric acid) (ACVA), which is also called 4,4’-azobis(4-cyanopentanoic acid), are 
widely used as initiators in RAFT polymerization. The overall process of RAFT polymerization 
is represented by the equation: 


RS AÅ, <L io 


where R is a group that can initiate polymerization and Z is an activating/stabilizing group. The 
RAFT process, however, involves a sequence (as shown in Fig. 11.33) in which the chain transfer 
of the active polymeric chain species (ww* ) to the RAFT agent takes place to form the interme- 
diate radical (wwwS-C(Z)S-R), which then undergoes fragmentation to R° that further reinitiates 
polymerization. The active moiety [-S-C(Z)=S] from the RAFT agent is now attached to the 
polymeric chain end, and this makes it a dormant chain. Once the RAFT agent is consumed, equi- 
librium is established between active and dormant chains based on transfer of S=C(Z)S- moiety 
between them. This serves to maintain the living character of RAFT polymerization by trapping 


Z (11.22) 
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Figure 11.33 Mechanism of RAFT process. Polymerizations can be carried out in bulk, solution, emul- 
sion or suspension, using azo or peroxy initiators as in conventional free-radial polymerization. The moiety 
S=C(Z)S- remains as the end group. 


the majority of the active propagating chains into the dormant thiocarbonyl compound, and thereby 
limiting the possibility of chain termination through normal processes of radical combination and 
coupling. The concentration of the active chains is also deliberately kept low relative to the dor- 
mant chains by controlling the amounts of the initiator and the RAFT agent in order to limit the 
termination steps and increase the polymer chain length. The living character of RAFT polymer- 
ization has been demonstrated by (a) narrow polydispersity of polymer (usually < 1.2), (b) linear 
increase of molecular weight with conversion, and (c) ability to produce block copolymers. 

It may be mentioned that the RAFT technique was discovered and patented around the same 
time by Rizzardo and coworkers (Le et al., 1998) at Commonwealth Scientific and Industrial Re- 
search Organization (CSIRO, Australia) and by Charmot and coworkers (Charmot et al., 1998, 
1999) at Rhodia Chimie (France). The latter group described their invention as Macromolecu- 
lar Design via the Interchange of Xanthates (MADIX) and their patent was restricted to agents 
which are xanthate-type analogs, whereas the patent of Rizzardo and coworkers covered a much 
wider range of agents, described as thiocarbonylthio compounds having the generic structure R- 
S-C(=S)-Z, where Z = aryl, alkyl, NRj, OR’, SR’ and R = homolytic leaving group (see later for 
more details). Xanthates generally have a low reactivity toward acrylate and styrenic monomers, 
which results in a relatively broad MWD, whereas the the use of highly reactive dithioester type 
RAFT agents for these systems can lead to formation of polymers with narrow MWD. However, 
even though the two MWDs are very different, the process for both systems is still considered to 
be living. 

Equation (11.22) shows that the RAFT polymerization leads to the presence of the “R” group 
(a-functionalization) and residue —SC(=S)Z of the RAFT agent (w-functionalization) as the two 
end groups of the resulting polymer. RAFT polymerization can thus be used to synthesize end- 
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functional polymers. However, introducing functionality through the “Z” group is usually not 
appropriate as the functionality would be lost with cleavage of the thiocarbonylthio group. The 
alternative of introducing the functionality as part of the “R” group is therefore employed. Though 
the RAFT process is compatible with a wide range of functional groups including acid, amide, 
and tertiary amine groups, the process is generally not compatible with unprotected primary or 
secondary amine groups, since the thiocarbonylthio group reacts rapidly by aminolysis to form, in 
the first instance, a thiol and a dithiocarbamate (Chiefari et al., 1998). It is therefore necessary to 
protect amine end groups during RAFT polymerization and to remove the thiocarbonylthio groups 
before the deprotection step (Postma et al., 2006). 

It is evident from the above that while the RAFT agents have the generic structure R-S—C(=S)- 
Z, the R and Z groups (called the reinitiating or leaving group and the stabilizing or activating 
group, respectively), perform different functions. Thus, the Z group primarily controls the ease 
with which free-radical species add to the C=S bond and the stability of the resulting carbonyl- 
thio radical intermediate. The R group, on the other hand, must be a good homolytic leaving 
group, capable of initiating new polymer chains. Since the Z group strongly influences the stability 
of the thiocarbonylthio radical intermediate, strong stabilizing groups will favor the formation 
of the intermediate. However, the stability of the intermediate needs to be fine-tuned so as to 
favor its fragmentation releasing the reinitiating group R as a free radical. Numerous workers 
have studied the effect of the Z group on the RAFT polymerization of a variety of monomers 
(Destarac et al., 2002; Mayadunne et al., 1999; Chiefari et al., 2003; Davis et al., 2003). From 
these studies, it is the phenyl group that appears to be the ideal candidate for most monomers as 
it balances the stability of the radical intermediate and its reactivity toward fragmentation. In the 
case of the benzyl group, the intermediate is less stable, and the fragmentation step occurs more 
easily, leading to almost no retardation in the polymerization of styrene and faster polymerization 
for more reactive monomers, such as N-isopropyl acrylamide, acrylamide, and methyl acrylate, 
with good control over the molecular weight (i.e., lower PDI). On the other hand, the less stable 
intermediate leads to poor control over the polymerization of bulkier propagating radicals such as 
methyl methacrylate (MMA). Alkyl Z groups also give reasonable control over the polymerization 
of styrene, butyl acrylate, and MMA. However, for Z with O or N linkage (such as, xanthates 
and dithiocarbamates), the nonbonded electron pair on the heteroatom is delocalized with the C=S 
bond. This lowers the reactivity of the double bond toward radical addition, leading to poor control 
over the molecular weight of the growing polymer chains. However, in the case of fast propagating 
monomers (e.g., vinyl acetate), chain transfer agents (CTAs) with C=S bond of a lower reactivity 
are desirable. Indeed, vinyl acetate polymerization can be successfully controlled in the presence 
of xanthates, whereas it is strongly inhibited by dithiobenzoates. A general classification of Z 
groups that allow good control over the majority of monomers is as follows: dithiobenzoates > 
trithiocarbonates > xanthates > dithiocarbamates (Perrier and Takolpuckdee, 2005). 

As mentioned earlier, the R group is required to be a good leaving group in comparison with 
the polymer chain and a good reinitiating species toward the monomer used. It also contributes 
toward the stabilization of the radical intermediate, although to a lesser extent than the Z group. 
Experimental data and ab initio calculations provide the following general guidelines or the selec- 
tion of R group for a CTA (Perrier and Takolpuckdee, 2005): C[(CH3)2]CN ~ C[(CH3)2]Ph > 
CH(CO2Me)Ph ~ CH(CN)Ph > C[(CH3)2]CO2Et ~ C[(CH3)2]CONEt: > CH(CH3)Ph > 
CH(CH3)CO2Et > C(CH3)3 ~ CH2Ph > CH2CO2Et. The first two groups, namely, cyanoisopropy] 
and cumyl groups thus appear to be the most efficient for the reinitiation step. 

CTAs can be categorized into four classes, depending on their activating Z group. These are, 
as shown in Fig. 11.34: (i) dithioesters (Chong et al., 2003; Le et al., 1998; Tang et al., 2003; 
An et al., 2005), (i) xanthates (Corpart et al., 1998; Charmot et al., 2000; Destarac et al., 2002), 
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Figure 11.34 General structures of RAFT agents belonging to four classes based on differences in functional 
groups at the Z position of thiocarbonylthio compounds. 


(iii) trithiocarbonates (Mayadunne et al., 2000; Gaillard et al., 2003), and (iv) dithiocarbamates 
(Schilli et al., 2002; Mayadunne et al., 199; Destarac et al., 2000). A few examples of the above 
four classes of CTAs used in RAFT synthesis of polymers are shown in Fig. 11.35. 

While the Z group mainly influences the rate of addition of radicals to the C=S double bond, it 
also has effect on stability/reactivity of the macroradical intermediate. In this respect, dithioesters 
(e.g., with Z = CH3 or Ph and R = cumyl) are particularly efficient in RAFT polymerization of 
styrene and alkyl acrylate to produce polymers with narrow MWD, while, in contrast, O-ethyl 
xanthates are relatively inefficient as CTAs, yielding polymers of relatively high polydispersities 
(2 < M,,/M,, < 2.2) in MADIX polymerization of styrene. This is explained by the existence of 
slow exchange of the xanthate group among dormant and propagating chains. Trithiocarbonates 
have an outstanding feature that they can be prepared with either one (e.g., Ia and IIIb in Fig. 
11.35) or two (e.g., IIc and IIId in Fig. 11.35) good homolytic leaving groups. Since symmetrical 
trithiocarbonates, such as IIc and IIId (Fig. 11.35) can grow in two directions, they should yield 
polymers with active functionality located in the center, e.g., 


S 
; Nucleophile 
Hc (Fig. 11.35) —> PhCH, ~™S/ ‘S~™ CH,Ph ——— > 2(PhCH, ~~~» SH) 


One way to confirm this is to cleave the polymer chains at the trithiocarbonate function. This can 
be achieved readily with mild nucleophiles, such as primary or secondary amines (Mayadunne et 
al., 2000). 


11.5.1 Mechanism and Kinetics 


There are five steps in RAFT polymerization: initiation, addition-fragmentation chain transfer, 
reinitiation, chain equilibrium, and termination (Fig. 11.36). 
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Figure 11.35 Examples of some RAFT agents. Dithioesters: Le et al. (1998). Xanthates: Destarac et al. 
(2002). Trithiocarbonates: Mayadunne et al. (2000). Dithiocarbamates: Mayadunne et al. (1999). 


Initiation. The RAFT process is started by radical initiators, such as AIBN. The initiator(D) gen- 
erates a radical species which starts an active polymerizing chain (P, * ) by reacting with monomer. 
Chain transfer (Pre-equilibrium). The active polymer chain P, * rapidly adds to the reactive C=S 
bond of the CTA (rate constant, kada) forming an intermediate adduct radical, which undergoes 
reversible fragmentation either toward the initial growing chain (rate constant, k_gaq) or to free the 
group R by f-scission (rate constant, kg) and simultaneously generate a macro chain transfer agent 
(macro-CTA), P,-X. 
Re-initiation. The leaving group radical (R° ), which is capable of initiation, reacts with monomer 
to start another active polymer chain (Pm ° ). 
Chain equilibrium (Main equilibrium). The active chain P,,° is able to go through the addition- 
fragmentation process resulting in equilibrium between the active (radical) and dormant (bound 
to the CTA) states. This is the main equilibrium that constitutes the fundamental step in the Raft 
process. It traps majority of the actrive propagating species into the dormant CTA compound, 
thereby limiting the possibility of conventional radical-radical termination reactions. While one 
polymer chain (Pm ° ) is in the dormant stage, the other (P, ° ) is active in polymerization. 

It is evident from the above mechanism that the thiocarbonylthio group of the original RAFT 
agent is retained in the polymeric product (via P,-X and P,,-X). This retention of the thiocarbo- 
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nylthio moiety is a key feature of the RAFT process and is responsible for the living character of 
the RAFT polymer. 

In chain transfer by addition-fragmentation (Fig. 11.36), the effective rate constant for chain 
transfer (k;,) is given by the following expression (Moad et al., 1996): 


kr 


kir = Kadd x cae 4 kg 


(11.23) 


where Kadd, K-add, kfr, and kg are defined in Fig. 11.36. Equation (11.23) follows from the fact 
that the transfer constant depends on (a) the reactivity of the C=S double bond for addition of the 
attacking radical and (b) the partitioning of the fragmentation of the intermediate radical toward 
either an attacking radical (P,,° ) or a reinitiating radical (R° ). 

The activity of the transfer agent is usually defined in terms of their chain transfer constants 
(Cir = Kir/kp). Traditionally, chain transfer constants have been evaluated by applying the Mayo 
equation [cf. Eq. (6.122)]: 

1 [T] 1 


— = += 
DP, IM] DP, 


(11.24) 


where DP, is the number average degree of polymerization, [T] and [M] are the concentrations of 
transfer agent and monomer, respectively, and DP, is the number average degree of polymerization 
obtained in the absence of added transfer agent. 

Similar to Eq. (11.23), the effective rate constant for reverse reaction (k_+,) is given by 


Kadd 


kar = k_gx—— 
ý fe k-ada + kg 


(11.25) 


Problem 11.19 Discuss the effect of temperature on chain transfer constant and hence on PDI in RAFT 
polymerization. 

Answer: 

Most RAFT agents have C;, values greater than 1. This suggests that as the temperature is reduced, the Cp 
values will increase because of the higher activation energy of kp (see Section 6.11.1). Thus one way to lower 
the PDI by increasing C; is to simply decrease the temperature. This strategy will work only if Cr is greater 
than 1. Conversely, when C;, is less than 1, an increase in the temperature will increase the value of Cir, 
However, high temperatures exacerbate side reactions, such as transfer to monomer and polymer, resulting 
in deviations from the predicted MWD evolution with conversion. A method for lowering the PDI without 
changing the temperature is to maintain a constant monomer concentration throughout the polymerization 
(Monteiro, 2005). 


Termination. Possible termination reactions among propagating and intermediate radicals are 
shown in Fig. 11.36. If fragmentation occurs fast enough accompanying no side reaction and 
propagating polymer chains undergo self-termination in conventional ways by coupling (combi- 
nation) or disproportionation, the RAFT process should have no significant influence on polymer- 
ization rate Rp, and Rp may be equated to Rp», the rate for the conventional (RAFT agent-free) 
polymerization given by (Kwak et al., 2004): 


Rpo = kp (Ri/k:)'? [M] (11.26) 
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Figure 11.36 A general scheme for RAFT polymerization with thiocarbonylthio compounds as chain transfer 
agents. When P, and P, are kinetically identical polymers, these need not be distinguished and both may be 
written as P. (Adapted from Kwak et al., 2004.) 


where R; is the rate of (conventional) initiation, [M] is the monomer concentration, and kp and 
k, are the rate constants of propagation and termination, respectively. Thus, higher apparent rates 
of polymerization in a RAFT process can be achieved by utilizing CTAs with higher intermediate 
fragmentation rates, larger monomer and initiator concentrations, and higher temperatures. 

In the RAFT polymerization with agents in which Z is a phenyl group (see Fig. 11.35), 
significant retardation in polymerization rate has, however, been observed. (Note: The ‘rate 
retardation’ means that R, is lower in comparison with the corresponding conventional radical 
polymerization in the absence of RAFT agent and decreases with increasing initial RAFT agent 
concentrations.) Thus, Monteiro and de Brouwer (2001) found that for a styrene polymerization 
mediated with cumyl dithioester, as the concentration of the RAFT agent is increased, the rate is 
increasingly retarded, and the MWD follows ideal living behavior. This is also true for a range 
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of other monomers. Two opposing explanations, among others, have been proposed for the rate 
retardation. One is slow fragmentation. Thus, Barner-Kowollik et al. (2001) assumed that the in- 
termediate radical, P,-(X° )-Pm (Fig. 11.36), is stable enough to cause no termination with P° (e., 
no cross-termination). They concluded from their study that retardation is due to slow fragmenta- 
tion of the intermediate radicals. However, the biggest drawback to the slow fragmentation model 
is that the intermediate radical concentration predicted by the model is 2-3 orders of magnitude 
greater than that found by ESR measurements. Monteiro and de Brouwer (2001), on the other 
hand, proposed that the only way to account for the rate retardation is through intermediate radical 
termination (IRT), in which all radicals in the system could terminate with all intermediate radicals 
to form three- and four-arm stars (see Fig. 11.36). This is in agreement with the experimental and 
theoretical findings of Kwak et al. (2004). 


Problem 11.20 Kwak et al. (2004) presented experimental evidence to show that the rate retardation in 
the polymerization of styrene (St) with polystyryl dithiobenzoate [PSt-SC(=S)Ph] at 60°C is caused by the 
irreversible cross-termination between the polystyryl radical (PSt* ) and the intermediate radical produced 
by the addition of PSt* to PSt-SC(=S)Ph. The polymerization rate Rp was found to decrease with the in- 
crease of [PSt-SC(=S)Ph] such that a plot of UR, vs [PSt-SC(=S)Ph] was linear. (a) Show that this is in 
conformity with the scheme for RAFT polymerization shown in Fig. 11.36, taking into account termination 
of intermediate radicals and considering that cross-termination to form 3-arm star predominates. (b) What 
would be the corresponding rate behavior if termination between two intermediate radicals to form a 4-arm 
star predominates ? 


Answer: 


Being kinetically identical, the chains P,, nad P, in the polymerization system defined in Fig. 11.36 may be 
represented by the same symbol (P) for the termination reactions. Viewed in a relatively short time scale and 
considering a stationary state in which all reversible reactions are in equilibrium (or in quasi-equilibrium) and 
the concentrations of all radical species are (approximately) invariant with time, the following two equations 
should hold in respect of the propagating and intermediate radical concentrations (Kwak et al., 2004) : 


oO 
Il 


d[P*]/dt 
= Ri- kada [P" |[P—X] + kf, [P-(X ° )-P] 
-k [P*]? — k! [P*|[P-(X* )-P] (P11.20.1) 
0 = d[P-(X* )}P]/dt 
= KaaalP* \[P-X] — kf [P4X° )-P] 
- Ki[P* ][P-(X* )-P] = ki’ [P-(X* }-P]? (P11.20.2) 


Adding Eqs. (P11.20.1) and (P11.20.2), 


Ri — ki[P *]? - 2k/[P* ][P-(X* HP] — k” [P(X* +P? = 0 (P11.20.3) 
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Assuming that the addition-fragmentation equilibrium holds, 
kaaa [P" |[P-X] = kpr[P-(X* )-P] (P11.20.4) 


This is a quasi-equilibrium, which is valid when the rates of termination reactions (e.g., k; and k;’ terms in 
Eq. (P11.20.2)) are negligibly small compared with those of addition and fragmentation (kaqa and kp, terms 
in Eq. (P11.20.2)). 


In terms of the equilibrium constant K defined by 


K = kaaalkfr (P11.20.5) 


the concentration of the intermediate radical is obtained from Eq. (P11.20.4) as 


[P-(X* )-P] = K[P* ][P-X] (P11.20.6) 


Equation (P11.20.3) with Eq. (P11.20.6) is solved for [P ° ] and substituted in the relation Rp = kp[P ° ][M] 
to obtain 


ee = SM = = (P11.20.7) 
{1 + 2(kf /k) KIP-X] + (ki! /ki)K? [P-XP} 


Substitution of Eq. (11.26) then yields 


R 
Rp = Pe (P11.20.8) 


[1 + 2K k) KIP-X] + (K? /k)K2 [P-x]?}" 


We may approximate [P—X] by the initial RAFT agent concentration [P—X]), since [P-(X ° )—P] and the 
number of terminated chains are negligibly small compared to [P—X]p, 


(a) When the cross-termination of intermediate radical to 3-arm star formation (Fig. 11.36) is the main cause 
for the retardation in Rp, then setting [P—X] = [P—X], and ki’ /k; = 0, we have (Kwak et al., 2002): 


Ry” = Ryu {l + 2k; /k)K [P-X]o} (P11.20.9) 


A plot of Ree against [PSt-SC(=S)Ph], should thus be a straight line providing a kinetic confirmation of 
the IRT being the main cause or rate retardation. 


(b) If the termination between two intermediate radicals to form a 4-arm star polymer predominates, we may 
set ky /k; = 0 and [P—X] = [P-X]) in Eq. (P11.20.8) to have 


Ry” = R (1 + (k/k) K? [P-X]3} (P11.20.10) 


According to this equation, a plot of Ree vs [P-x]2 should be linear. 
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11.5.2 Theoretical Molecular Weight 


It is apparent from the general scheme for RAFT polymerization, shown in Fig. 11.36, that if 
intermediate radical termination is neglected, most of the RAFT polymers are contributed by P,,— 
X living chains which have the R group at one end and the thiocarbonylthio moiety at the other. 
In addition, some dead polymer chains form due to conventional termination of growing chains 
derived from the free-radical initiator. The theoretical number-average molecular weight (M,,) of 
a RAFT polymer may therefore be predicted with the following equation : 


= IMbbpMmw 
Mn = ([CTA], — [CTA]) + a.f [I]. (1 — eat) + CTAmw (11.27) 


where [M], is the initial monomer concentration, p is the fractional monomer conversion to the 
polymer, [CTA], is the initial RAFT agent concentration, [CTA] is the RAFT agent concentration 
at p, a is the mode of termination (a equals 1 for termination by combination and 2 for dispropor- 
tionation), f is the initiator efficiency, and ky is the initiator dissociation constant. The right hand 
side of the denominator accounts for radicals derived from initiator with an initial concentration 
[I], in time ¢. In an ideal RAFT process, polymer directly derived from the initiator is thought to 
be minimal, and thus the second term in the denominator becomes negligible. Further, if the CTA 
is fully utilized in the RAFT process, Eq. (11.27) simplifies to 


[M] p Mmw 


M, = 
[CTA] 


+ CTAmw (11.28) 
According to this equation, the polymer molecular weight in an ideal RAFT process will increase 
linearly with increasing monomer conversion, satisfying an important criterion of living polymer- 
ization. 


Problem 11.21 Bulk polymerization of methyl acrylate (MA) is carried out by the RAFT process at 60°C. 
The process is mediated by cyanoisopropyl dithiobenzoate (Fig. 11.35, Ib) used as the chain transfer agent 
(CTA) and initiated by AIBN with the ratio (molar) MA/CTA/AIBN = 1230: 1 : 0.1, attaining 75% conver- 
sion of MA in 7h. 


(a) Obtain an approximate estimate of the average molecular weight (M,„) of the polymer. (b) Calculate 
theoretically the fraction of polymer molecules that is accounted for by dead polymer chains. (c) Will the 
proportion of dead chains be higher or lower in the case of a more slowly propagating monomer such as 
methyl methacrylate (MMA)? [Data: monomer density = 0.956 g/em3; kg = 8.54x10-° s-!; a=2; f= 
1.] 


Answer: 


(a) Assuming that polymer directly derived from the initiator is negligibly small compared to the polymer 
obtained via CTA and that the CTA is fully utilized in the RAFT process, Eq. (11.28) can be used to derive 
an approximate value of the molecular weight. 


Molar masses: MA 86 g mol7!; CTA 221 g mol7!. 
(1000 em? L7!) (0.956 gem73) 


For bulk MA, [MA], = - = 11.12 mol L7! 
(86 gmol™) 
11.12 molL7! 3 
TA], = ———— = 9.0x107? mol L7! 
[CTA] 1230 9.0x mo 
11.12x0.1 
[AIBN], = =L =- 9.0x10~ mol L7! 


1230 
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From Eq. (11.28): 


11.12 mol L7!) (0.75) (86 1! 
M, = ee + (221 g mol!) 
(9.0x 10-3 mol L~!) 


80,000 g mol! 


(b) The total number of chains produced in a RAFT process will be equal to the number of radicals derived 
from the initiator and CTA leaving group (R), but the maximum number of living chains will be equal to 
the number of CTAs. Therefore the proportion of dead chains (xac) is given by the ratio of the number of 
initiator-derived radicals to the number of CTAs plus initiator-derived radicals : 


af (M — Hp 
Ti cg es Moe as eae P11.21.1 
iğ [CTA], + af (Mo - H) ( ) 


Substituting from Eq. (6.26), 


—kq 
kje = af MoA =e’) (P11.21.2) 
[CTA, + af [Cl — em) 


Using a = 2, f = 1, kg = 8.54x10~° s7}, [Tf], = 9.0x10-4 mol L~!, [CTA], = 9.0x10~? mol L~!, and t = 
7x3600 or 2.52x10* s, 


xace = 0.011 (i.e., 1.1%) 


So, only 1.1% of the chains are dead at 75% conversion. 


(c) In the case of a more slowly propagating monomer, for similar molecular weights and conversions, t will 
be greater and hence xac from Eq. (P11.21.2), other terms being similar, will be larger, signifying that the 
proportion of dead chains will be higher. 


11.5.3 Block Copolymers 


One advantage of the RAFT process is its compatibility with a wide range of monomers, including 
functional monomers. Thus narrow polydispersity block copolymers have been prepared with 
monomers containing acid (e.g., acrylic acid), hydroxy (e.g., 2-hydroxyethyl methacrylate), and 
tertiary amino [e.g., 2-(dimethylamino) ethyl methacrylate] functionality (Chiefari et al., 1998). 
Linear block copolymers are the simplest polymeric architectures achievable via RAFT process. 
There are two main routes for the synthesis of block copolymers by the RAFT process, viz., (i) 
sequential monomer addition (chain extension) and (ii) synthesis via macro-CTAs (by R- or Z- 
group approaches). These are schematically shown in Fig. 11.37. Linear block copolymers are 
the simplest polymeric architectures achievable via RAFT process. 


11.5.3.1 Sequential Monomer Addition 


One of the major applications of living polymerization is the synthesis of block copolymers via 
sequential addition of monomers. In this approach, monomer A is first polymerized quantitatively 
by the RAFT process, followed by direct addition of a second monomer for chain extension, or 
alternatively, the RAFT polymer of A from the first step is purified and used as a macro-CTA to 
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(a) Sequential Monomer Addition (Chain Extension) 
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(ii) Z - group approach: 
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Figure 11.37 General synthetic approaches for the generation of AB diblock copolymers by the RAFT 
process. (Adapted from Barner, Davis, Stenzel, and Barner-Kowollik, 2007.) 


mediate the polymerization of monomer B. If monomer A is polymerized to a high conversion and 
then B is added directly without purifying the A polymer, the final polymer chain will feature a 
middle section composed of an AB gradient polymer separating the A block from the B block. For 
the production of block copolymers by sequential monomer addition, it is, however, essential that 
the first block retains its chain end functionality. This is generally achieved by stopping the poly- 
merization of the first monomer at a conversion below 90%. Moreover, the radical initiator that is 
added to the RAFT system in order to trigger the degenerative chain transfer also contributes to the 
formation of homopolymer side products with uncontrolled chain length. A low concentration of 
the initiator should therefore be used to achieve a high ratio of living chains to (uncontrolled) dead 
chains. The sequence of monomer addition also needs careful consideration. Thus, to produce a 
low-dispersity AB diblock copolymer, the first formed polymer with thiocarbonylthio end group 
[S=C(Z)S—A] should have a high transfer constant to the monomer in the subsequent polymeriza- 
tion step to give the B block. This requires that the leaving ability of propagating radical A° is 
comparable to, or greater than, that of the propagating radical B° under the reaction conditions 
(Chong et al., 1999). 


Problem 11.22 In preparing the diblock copolymers, polystyrene-b-PMMA and polyacrylate-b-PMMA, 
by sequential monomer addition in the RAFT process, what should be the sequence of monomer addition ? 
Answer giving reasons. 
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Answer: 


For forming AB diblock copolymer, when A is a polystyrene or poly(acrylate ester) chain, the transfer con- 
stants of S=C(Z)S—A in MMA polymerization are extremely low, which is attributed to the styryl- or acrylyl- 
propagating radicals being poor leaving groups with respect to a methacrylyl-propagating radical, that causes 
the adduct radical, B—S—C ° (Z)S—A, to partition strongly in favor of starting materials, B * and Z—-C(=S)S—A 
(Chong et al., 1999). So, in preparing a block copolymer, for which one block is based on a methacrylate 
monomer and the other on a styrene or an acrylate monomer, the methacrylate block should be prepared first, 
i.e., the PMMA should be taken as the A block. 


(a) Difunctional R groups: 
S S S S 
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(b) Difunctional Z groups 
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Figure 11.38 RAFT synthesis of ABA type triblock copolymers by sequential monomer addition via medi- 
ation by CTAs containing (a) difunctional R groups, (b) difunctional Z groups, and (c) symmetrical trithio- 
carbonates. (Adapted from Barner, Davis, Stenzel, and Barner-Kowollik, 2007.) 
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Three techniques may be employed for the RAFT synthesis of ABA type triblock copolymers 
by sequential monomer addition. As shown schematically in Fig. 11.38, these involve the use of 
(i) difunctional R groups, (ii) difunctional Z group, and (iii) symmetrical trithiocarbonates. By 
the use of a CTA with a difunctional R group, telechelic homopolymers and triblock copolymers 
of type ABA with dithiocarbonylthio functionality as the end groups can be obtained (see Fig. 
11.38(a)). Similarly, the use of a CTA with a difunctional Z group can yield telechelic homopoly- 
mers and ABA type triblock copolymers with the leaving/reinitiating R group at the chain end 
(Fig. 11.38(B)). An alternative technique is the use of symmetrial trithiocarbonates, which con- 
tain two reinitiating R groups and lead to the formation of ABA type triblok copolymers with the 
reinitiating group attached to the chain end. A drawback of the last two techniques is the presence 
of the thiocarbonylthio moiety in the middle of the chain, which might be a weak link depending 
on the applications. A few examples of the above three types of CTAs that have been synthesized 
and used are shown in Fig. 11.39. 
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Figure 11.39 A few examples of functional CTAs for the production of block copolymers by RAFT tech- 
nique: (I) a dithioester with difunctional R group, N,N’-ethylenebis[2-(thiobenzoylthio) propionamide 
(Donovan et al., 2003); (I) O-ethyl xanthate with difunctional R group (Taton et al., 2001); (UD a dithioester 
with difunctional Z group (Dureault et al., 2004); (IV) a trithiocarbonate with two identical R (benzyl) groups 
(Mayadunne et al., 2000); (V) a macro-CTA: poly(ethylene oxide) capped with dithiobenzoate group (Hong 
et al., 2004); (VD S,S’-bis(2-hydroxyethyl-2’ -butyrate) trithiocarbonate (You et al., 2004). 


Problem 11.23 Mayadunne et al, (2000) prepared an ABA triblock copolymer, comprising polystyrene 
(PSt) end segments and a central block of poly(n-buty] acrylate) (PnBA) by first carrying out RAFT polymer- 
ization of St (densiy 0.91 g/cm?) in bulk at 110°C for 20 h using thermal initiation and S,S-di(1-phenylethyl) 
trithiocarbonate (DPET) (0.017 M) as the RAFT agent to 40% monomer conversion, followed by chain ex- 
tension of the resulting PSt (0.0016 M) with n-BA (2.79 M) using AIBN (0.073x10~2 M) initiator at 60°C 
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Scheme P11.23.1 Synthesis of PSt-b-PnBA-b-PSt triblock copolymer by RAFT technique. (Problem 11.23.) 


for 8 h and 65% monomer conversion to afford the ABA triblock copolymer with M, = 161,500 and Mw/Mn 
= 1.16. Calculate the molecular weights of the PSt end segments and PnBA central block, and hence the 
molecular weight of the triblock copolymer to compare with the experimental value. 


Answer: 


The two sequential steps for the preparation of PSt-b-PnBA-n-PSt triblock copolymer by RAFT polymeriza- 
tion using DPET as the chain transfer agent are shown in Scheme P11.23.1. 


Molar masses (M): Ms, = 104 g mol~!, Mpa = 128 g mol7! 
(1000cm? L7!) (0.91 gem?) 
(104 gmol7!) 

[CTA] = [DPET] = 0.0173 mol L7! 


= 8.75 molL7! 


[St] = 


Neglecting the relatively small number of chains formed by thermal initiation, Mn of each PSt segment 
7 [St] x Conversion <M 
~ "2x [CTA] S 


_ (8.75 mol L~!)(0.40)(104 gmol7') 
= 2(0.0173 mol L~!) 


= 10520 gmol"! 


M,, of PSt = 2x10520 g mol! = 21040 g mol"! 


Mn of PnBA (neglecting central trithiocarbonate group) 
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_ [nBA] x Conversion 
[PSt] 


2.7 1L7!)(0.65 
= EP mot 208) (128 emol!) = 1,45,080 gmol™! 
(0.0016 mol L7!) 


(Mnpa) 


Mn of triblock copolymer = 1,45,080 + 21,040 or 1,66,120 g mol! 


11.5.3.2 Macro-CTA Method 


As we have seen earlier, a polymeric CTA (macro-CTA), that is a polymeric chain capped with 
a dithioester group, is formed as an intermediate in the RAFT synthesis of block copolymers 
by sequential monomer addition. Macro-CTAs can also be made from already existing macro- 
molecules via organic synthetic transformation and used as the RAFT agent to synthesize several 
kinds of block copolymers. The method has the advantage that block copolymers containing poly- 
mers produced by other (nonradical) mechanisms, e.g., poly(ethylene oxide) (PEO), can easily be 
synthesized. Moreover, if the initial polymeric chains are modified at both ends, triblock (ABA) 
or multiblock (CBABC, etc.) copolymers can be obtained. Thus, Hong et al. (2004) produced 
block copolymers based on PEO by the modification of monohydroxy and dihydroxy PEOs into 
monofunctional and difunctional CTAs, respectively. The modification of monohydroxy PEO with 
dithiobenzoic acid led to the monofunctional macro-CTA, which was used to mediate the RAFT 
polymerization of N-isopropylacrylamide to yield the diblock copolymer poly(ethylene oxide- 
b-N-isopropylacrylamide) with a controlled molecular weight and PDI < 1.2. A similar proce- 
dure starting with dihydroxy PEO yielded the triblock copolymer poly(N-isopropylacrylamide-b- 
polyethylene oxide-b-N-isopropylacrylamide). 


11.5.4 Star (Co)polymers 


A variety of multifunctional CTAs have been used for the preparation of star (co)polymers via 
RAFT polymerization, the core (or hub) of the star being introduced via functionalization of either 
the R substituent (R-group approach or R approach) or the Z substituent (Z-group approach or Z 
approach). Typical examples of functional CTAs used for the production of star (co)polymers in 
R- and Z-group approaches are shown in Fig. 11.40. The difference between the two approaches 
is shown schematically in Fig. 11.41, while a mechanism for RAFT star polymerization proposed 
by Barner et al. (2007) is presented in Fig. 11.42. 

In the R-group approach (Fig. 11.42), the RAFT polymerization takes place from a multifunc- 
tional CTA with the R group serving as the core and the results of the overall process are similar 
to those obtained from ATRP or NMP (i.e., the polymeric arms grow away from the core). In 
the Z-group approach, on the other hand, the Z group serves as the core for star formation. The 
mechanisms of RAFT star polymerization for R- vs. Z-group approach are shown in Fig. 11.42. In 
the R-group approach, the dithioester moiety leaves the core and the detached moiety mediates the 
polymerization, while the core itself becomes a radical where monomer addition takes place (the 
so-called attached-to process). As a consequence, the core can undergo radical-radical coupling 
reactions, thereby preventing the formation of well-defined polymeric material with low polydis- 
persity (Barner et al., 2007). Therefore, as a general rule, for the polymerization of monomers 
for which the main termination route is by combination/coupling, conversion should be kept low 
to limit star-star coupling. Furthermore, the initiator used to trigger the polymerization should be 
kept at a very low concentration in order to minimize the number of dead polymeric chains. 
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Figure 11.40 Functional 
CTAs for the production of 
star (co)polymers: (I) Hexakis 
(thiobenzoylthiomethyl) ben- 
zene (Stenzel-Rosenbaum et 
al., 2001), used in R-approach; 
(qI) tri(thiobenzoylthiomethy1) 
benzene (Dureault et al., 2004), 
used in Z-approach. 
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Figure 11.41 Overall processes of star polymer formation by RAFT polymerization with multifunctional 


CTAs: R- vs. Z-group approach. (Adapted from Barner, et al., 2007.) 
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Figure 11.42 RAFT star polymerization mechanisms (pre-equilibrium and main equilibrium stages): R- 
vs. Z-group approach (shown for one arm only). Formation mechanisms of chain radicals P, * and Pm ° are 
same for R- and Z-group approaches and same as shown in Fig.11.36. (Adapted from Barner et al., 2007.) 


On the other hand, when the Z group is used as a core (Fig. 11.42) for star polymers (Z-group 
approach), the polymeric arms are detached from the core while they grow, and they react back 
onto the core for the chain transfer reaction (the so-called away-from process). The Z-group ap- 
proach thus implies that the dithioester moiety (RAFT group) remains permanently tethered to the 
core and consequently the core will not carry any propagating radical functions, thereby avoiding 
core-core coupling reactions and the formation of higher-order coupling products. The possibil- 
ity of generating extremely pure star polymer products up to high conversions without the added 
complexity of cross-coupling reactions is inherent in the Z-group approach of the RAFT process. 
It thus appears that a Z-group approach is to be preferred over an R-group approach. (It may be 
noted that in ATRP and NMP, in comparison, the core is always a radical carrying species and so 
core-core coupling reactions may potentially always occur.) Since in the case of Z-group approach, 
the dithioester moiety is permanently bonded to the core and the growing macroradicals are de- 
tached, with increasing conversion an effective chain equilibration is increasingly hindered due to 
the shielding effects of the growing polymer chains. However, the access difficulties notwithstand- 
ing, the Z-group approach RAFT polymerization is considered to present the better alternative to 
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generate well-defined star polymer material of various monomers (Barner et al., 2007). 


Problem 11.24 Besides choosing the Z-approach, what are the key factors that determine the success of 
the RAFT star polymerization process to achieve large proportion of well-defined star polymers of controlled 
structures?. 


Answer: 


The key factors for successful RAFT synthesis of well controlled star (co)polymers are (Barner et al., 2007) : 
(i) minimization of linear chain contaminants, which can be achieved by employing a monomer with a high 
propagation rate coefficient, while at the same time having a low rate of primary radical delivery into the sys- 
tem, and (ii) minimization of star-star (bimolecular radical) coupling reactions, which can be achieved by (a) 
minimizing the number of radicals introduced into the polymerization system to achieve a given conversion 
after a given time and (b) reducing the propagating radical concentration in the RAFT polymerization. 


11.5.5 Branched (Co)polymers 


The synthesis of branched (co)polymers can be achieved by (a) grafting from polymeric back- 
bone and (b) using macromonomers. The grafting from approach uses a polymeric chain as a 
support from which polymeric branches are grown. This can be done in a facile manner by RAFT 
polymerization using either the R-group (or attached-to) approach or the Z-group (or away-from) 
approach via synthesis of appropriate polymer-supported RAFT agents. Quinn et al. (2002) thus 
synthesized comb, star, and graft copolymers of styrene (St) by the RAFT tehnique. The precursors 
required for these reactions were synthesized readily from RAFT-prepared poly(vinyl benzyl chlo- 
ride) (PVBC) and poly(St-co-VBC) by facile substitution of the chlorine atom with a dithioben- 
zoate group [—S—C(=S)Ph] to yield intrinsically well-defined star and comb precursors. [Typically, 
a solution of previously synthesized PVBC and poly(St-c-VBC) in THF was refluxed with a 100% 
excess of sodium dithiobenzoate for 1 h and the sodium cloride formed in the reaction was filtered 
off.] Comb and star polymers were then synthesized from the precursors, poly(St-co-vinyl ben- 
zyl dithiobenzate) and poly(vinyl benzyl dithiobenzoate), respectively, by heating the respective 
solutions in styrene at 60°C in the presence of AIBN. 

In the macromonomer approach, polymeric chains (of monomer M1) end-functionalized with 
a vinyl group are homopolymerized (with M1) or copolymerized (with M2) to produce branched 
(co)polymers. Thus, poly(ethylene glycol) methyl ether methacrylate (Chen et al., 2003) and 
poly(dimethy] siloxane) methacrylate (Shinoda and Matyjaszewski, 2001) have been homo- or 
copolymerized to yield graft (co) polymers with the corresponding pendant chain. 


11.5.6 Surface Modification 


Surface modification of nanoparticles with synthetic polymers is of great interest due to their po- 
tential application in optics, electronics, and engineering. The RAFT polymerization has proved 
to be a versatile tool to modify nanoparticle surfaces with a variety of functional polymers because 
the RAFT technique works with the greatest range of vinyl monomers. There are two approaches 
for covalently attaching polymers to nanoparticles, namely, “grafting to” and “grafting from” 
approaches. The “grafting to” approach involves reacting an end-functionalized polymer to an ac- 
tivated surface. This method often produces lower grafting density due to steric hindrance caused 
by grafted chains, though a combination of click chemistry (see Chapter 12) and RAFT could be 
used to modify surfaces with higher than normal grafting densities of the “grafting to” method, as 
has been demonstrated for silica particles (Ranjan and Brittain, 2007). Since in the “grafting from” 
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approach, polymer chains grow from the surface and chain extension involves monomer diffusion 
to the surface, significantly higher graft densities can be achieved. 

Among the various methods based on the RAFT technique, surface-initiated RAFT polymer- 
ization based on the “grafting from” approach is arguably the most promising one due to its ability 
to precisely control the structure of the grafted polymer chains, with a low-to-high range of graft 
densities (Li and Benicewicz, 2008). The “grafting from” approach can be achieved in two differ- 
ent ways for RAFT polymerization: (a) anchoring free radical initiator to the surface, followed by 
surface-initiated RAFT polymerization in the presence of free RAFT CTA in solution (Baum and 
Brittain, 2002); (b) surface immobilization of RAFT CTA, followed by surface mediated RAFT 
polymerization in the presence of free initiator. Baum and Brittain (2002) utilized RAFT polymer- 
ization to graft polystyrene and poly(methy!l methacrylate) from silica particles using a surface- 
anchored azo initiator, while Tsujii et al. (2001) reported the first application of surface-initiated 
RAFT polymerization in the modification of silica particles using a surface-anchored RAFT agent. 
The latter approach, however, permits more flexible reaction conditions. 

The surface immobilization of RAFT CTA can be performed using either (a) the R-group ap- 
proach where the CTA is attached to the surface via the leaving and reinitiating group or (b) the 
Z-group approach where the CTA is attached to the surface via the stabilizing Z-group (Perrier 
et al., 2005). The R-group approach affords higher molecular weight and grafting density of the 
attached polymer, while the grafting density can be further increased by using trithiocarbonate- 
type RAFT CTA (Ranjan and Brittain, 2008). Generally, a silyl condensation reaction is used to 
immobilize a RAFT CTA onto a silica nanoparticles (Li and Benicewicz, 2008). More recently, 
the click reaction, which is more efficient, has been employed to attach RAFT CTA onto silica 
nanoparticles, using alkyne-functionalized RAFT CTA and azide functionalized silica nanoparti- 
cles to facilitate this coupling (Ranjan and Brittain, 2008). The process will be further elaborated 
in Chapter 12 (see Section 12.2.2). 


11.5.7 Combination of RAFT and Other Polymerization Techniques 


Combination of RAFT polymerization with other polymerization techniques allows synthesis of 
block copolymers containing polymer block segments that are derived by non-free radical pro- 
cesses. For example, You et al. (2004) and Hales et al. (2004) performed ring-opening polymeriza- 
tion initiated by a RAFT CTA, followed by RAFT polymerization to synthesize block copolymers 
from both vinyl and lactide monomers. Similarly, You et al. (2004) used the hydroxyl functional- 
ity of the R group from S,S’-bis(2-hydroxyethyl-2’-butyrate) trithiocarbonate (VI, Fig. 11.39) to 
initiate the ring-opening polymerization of lactide, followed by the RAFT polymerization of N- 
isopropylacrylamide to prepare poly(lactide-b-isopropylacrylamide-b-lactide) with good control 
of molecular weight and low polydispersity (1.2). 

Because of the versatility of the RAFT polymerization involving the use of RAFT agents carry- 
ing many useful reactive end groups and the capability to polymerize many monomers that are in- 
herently troublesome for other polymerization techniques, RAFT is also potentially an ideal poly- 
merization technique to combine with cationic polymerization by site transformation (Magenau et 
al., 2009). This unique combination would allow the synthesis of a variety of block copolymers 
containing polymer segments derived by cationic polymerization with potentially new or greatly 
improved properties. As an example, Magenau et al. (2009) thus synthesized block copolymers 
consisting of polyisobutylene (PIB) and either poly(methyl methacrylate) or polystyrene block 
segments by combining living cationic and RAFT polymerizations. The initial PIB block was 
synthesized via quasi-living cationic polymerization of isobutylene and subsequently converted 
into a hydroxy-terminated PIB and further into a macro-chain-transfer agent (PIB-CTA) which 
was then employed in a RAFT polymerization of either methyl methacrylate or styrene as model 
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monomers (see Exercise 11.30 and the corresponding answer in Solutions Manual). It was envis- 
aged that the technique could be used for the synthesis of PIB-based copolymers with monomers 
traditionally inaccessible to PIB and cationic polymerization (Magenau et al., 2009). 

The click reaction has recently been applied by polymer chemists, who recognized the oppor- 
tunity of creating new polymer architectures by combining the click approach with other polymer- 
ization techniques. A range of complex structures including star polymers and block copolymers 
have thus been prepared by combining techniques such as ATRP, ROP, RAFT, polycondensation, 
and polymerization methods with the click chemistry techniques, such as, copper(I) catalyzed 
azide-alkyne coupling, Diels-Alder reactions, and thiol-ene reactions. These are discussed in the 
following chapter dealing with applications of click chemistry in polymerization. 


11.5.8 Transformation of RAFT Polymer End Groups 


A common feature of all polymers prepared by RAFT polymerization is that they bear a thiocar- 
bonylthio group at one chain end or both. In addition to the relatively high cost of CTAs, the 
presence of the thiocarbonylthio end group, which is colored and rather unstable, especially under 
basic conditions or in the presence of primary or secondary amines (Chong et al., 2003), limits 
the use of the RAFT process for industrial applications. Much attention has therefore been paid 
to the removal/transformation of the thiocarbonylthio end groups into colorless groups that are 
either non-reactive or amenable to controlled modification. The reactions of the thiocarbonylthio 
group is well-known from small molecule chemistry and much of this knowledge has been shown 
to be applicable to the thiocarbonylthio group of RAFT-synthesized polymers. Thiocarbonylthio 
groups react with nucleophiles and ionic reducing agents (e.g., amines, hydroxide, borohydride) 
producing thiols, and also undergo reaction with various oxidizing agents including NaOCl, H2072, 
tBuOOH, and peracids. However, these reactions may leave reactive groups and hence are not 
suitable for thiocarbonylthio group removal from RAFT polymers. Other approaches that offer 
more promise in this respect include (i) thermolysis, (ii) radical-induced reduction, (iii) radical 
exchange, and (iv) aminolysis/Michael addition sequence. 

Thermolysis (Postma et al., 2005) of RAFT polymers results in the cleavage of the thio- 
cabonylthio moieties leading to polymers with unsaturated end groups. Thermolysis has a clear 
advantage over other methods in that no chemical treatment is required. The method does, how- 
ever, require that the polymer and any desired functionality are stable to the thermolysis conditions, 
such as heating to a temperature of 200°C or higher. This limits the range of polymers that can be 
treated by thermolysis. 

Radical-induced reactions (reduction, termination) offer more promise since these processes 
provide desulfurization by complete end group removal/transfer. Radical-induced reduction of 
the residing thiocarbonylthio group to hydrogen is an attractive approach since it produces stable 
saturated end groups (Moad et al., 2005). However, the very effective and most commonly used 
reducing agent, tri-n-butylstannane (Bu3SnH) is toxic and quantitative removal of excess tributyl 
stannane and derived byproducts is problematic in that traces of toxic byproducts can remain even 
after several purification steps. Figure 11.43 shows an idealized mechanism for trirhiocarbonate 
group removal by radical-induced reduction with Bu3SnH. 


Problem 11.25 Discuss a reaction protocol for the synthesis of a well-defined polystyrene with one end 
having a primary amine end group, H-[-CH(C¢Hs )CH»-],—NHz2, through the use of RAFT techniques. 
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Figure 11.43 An idealized mechanism for trithiocarbonate group removal by radical-induced reduction with 
Bu3SnH. (From Postma et al., 2006. With permission from American Chemical Society.) 


Answer: 


Postma et al. (2006) reported the synthesis of well-defined polystyrene (PSt) with primary amine end 
groups through the use of phthalimide-functional RAFT agents. Styrene (St) polymerization with the RAFT 
agent, butyl phthalimidomethy] trithiocarbonate (P25-I), as shown in Scheme P11.25.1, was conducted at 
110°C with thermal initiation in bulk and the following reaction conditions: [RAFT], = 0.0288 M and 
[St]o/[RAFT], = 303, achieving 70% monomer conversion in 24 h to obtain RAFT PSt (P25-II) with M, = 
22,400 g mol! and Mw/Mn = 1.12. The polymerization was also successfully conducted at 60°C with AIBN 
initiation in bulk and reaction conditions: [RAFT], = 0.24 M, [St],/[RAFT], = 8.72, [AIBN], = 7.69x 1072, 
achieving 48% monomer conversion in 24 h to obtain M„ = 4610 g mol™! and My/M,, = 1.27 of the RAFT 
polystyrene (P25-II). 

The clean removal of the thiocarbonylthio end group of (P25-II) with retention of the phathalimido end 
group, as revealed by NMR spectrum, was achieved by radical-induced reduction with tributyl stannane in the 
presence of AIBN. The replacement of the phthalimido end group from the resulting polymer, (P25-IID), was 
then achieved by hydrazinolysis (Scheme P11.25.1). In a typical procedure (Postma et al., 2006), hydrazine 
hydrate was added to a solution of P25-III in DMF and the resultant mixture was stirred at room temperature 
overnight. Chloroform was added and the solution was washed with water and brine and dried over anhydrous 
MgSOx,. The PSt, (P25-IV), was isolated by precipitation into methanol and dried in a vacuum. 


The radical exchange method which uses a large amount of free radical initiator for end group 
modification of RAFT polymers is simple and straightforward. The thiocarbonylthio end group 
is cleaved simply by mixing the RAFT polymer with an excess source of radicals. The process 
involves in situ addition of a radical to the reactive C=S bond of the thiocarbonylthio end group, 
leading to the formation of an intermediate radical, which can then fragment either back to the 
original attacking radical or toward a polymeric chain radical (Perrier et al., 2005; Perrier and 
Takolpuckdee, 2005). In the presence of an excess of free radicals, the equilibrium is displaced 
toward the chain radical, which can then combine irreversibly with one of the excess free radicals 
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Scheme P11.25.1 Synthesis of polystyrene with primary amine end group through the use of a phthalimide- 
functional RAFT agent for initiation, removal of trithiocarbonate end group by radical-induced reduction 
with Bu3SnH and hydrazinolysis of phthalimido end group. (Adapted from Postma et al., 2006.) 


Figure 11.44 End-group modification of RAFT polymers and recovery of CTA by mixing the polymeric 
chains with an excess source of radicals. (Adapted from Perrier and Takolpuckdee, 2005.) 


present in solution, leading to the formation of a dead polymer chain free of sulfur compounds, 
accompanied by recovery of the CTA, as shown in Fig. 11.44. The process removes the color 
from the polymer and introduces a new functionality at the end of the polymer chain. Thus, a 
RAFT-synthesized PMMA which is colored becomes fully decolorized after reaction with AIBN 
at 80°C for 2.5 h (Perrier and Takolpukdee, 2005). 

Both primary and secondary amines, acting as nucleophiles, can convert thiocarbonylthio moi- 
eties of RAFT polymers to thiols (Mayadunne et al., 2000) and the latter can be further modified 
via Michael addition to a, 6-unsaturated carbonyl derivative to obtain polymers with hydroxy] ter- 
mini (see Section 12.2.2), both steps employing mild reaction conditions with good yields (Lima 
et al., 2005). Considering practical advantages, a one-pot process has also been developed that 
combines aminolysis of a thiocarbonylthio group and Michael addition of the resulting thiol to an 
a, -unsaturated ester under mild conditions, thus transforming the labile thiocarbonylthio moiety 
into a stable, colorless thioether (Qiu and Winnik, 2006). 
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EXERCISES 


11.1 Describe the principal criteria that can be used to identify a living polymerization/controlled poly- 
merization (LP/CP). What are the various ways in which living polymerization can be accomplished ? 
What are the advantages of living/controlled radical polymerization (LRP/CRP) compared to other 
methods of LP/CP? Describe how the main requirements of LP/CP are fulfilled in the following 
LRP/CRP methods: (a) nitroxide mediated polymerization (NMP) or stable free radical polymer- 
ization (SFRP), (b) atom transfer radical polymerization (ATRP), and (c) polymerization by reversible 
addition fragmentation chain transfer (RAFT) ? 


11.2 To determine the optimum temperature for the SNR-mediated polymerization of styrene, the process 
was investigated at three temperatures (80°, 90°, and 100°C) using an alkoxyamine (IIT) as the ini- 
tiator. This initiator, denoted as S—T, ensured stoichiometry between the growing styryl-type radical 
S° and di-tert-butyl nitroxide radical (T ° ) acting as the capping agent. Experimentally, several sealed 
tubes containing styrene and the initiator (S—T) were prepared (no other radical initiator being added) 
and submitted to heat during given times. The corresponding polymers were isolated by freeze-drying 
and the conversion yield calculated from the weight of th samples obtained, while the molecular weight 
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and polydispersity were determined by gel permeation chromatography. Selected data derived from 
these experiments are given below (Catala et al., 1995). 


Table P11.2.1 Valus of polydispersity index (M,,/M,,) 
at various temperatures and conversions 


Temp. Monomer 
(°C) conversion (%) 
80 


12.7 1.30 
90 


100 


1.49 


Note: The data are read from experimental graph of Catala et al. (1995). 


Table P11.2.2 Values of monomer conversion (p) and 
molecular weight (M„) at given times (t) in the presence 
of different concentrations of initiator (S—T) 


[S—Th., 
(mol/L) 


24.5 | 0.316 | 13,200 
4.4x107 20.0 | 0.265 | 5,200 


35.0 | 0.365 | 7,600 


Note: Data are read from experimental graphs of Catala et al. (1995). 


Analyze the data to determine (a) the best temperature for living radical polymerization in the presence 
of S—T alone, (b) the effect of S—T concentration on the polymerization rate and polymer molecular 
weight. 
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In the polymer synthesis considered in Problem 11.3, sodium 4-oxy-TEMPO (see Scheme P11.3.1) 
acts as a transforming agent from living cationic to living radical polymerization. The nitroxyl radical- 
ended living poly(tetrahydrofuran, THF), denoted as TEMPO-PT, acts as polymeric initiator as well 
as polymeric counter radical in the polymerization of styrene (St) by benzoyl peroxide (BPO) initiator. 
In an experimental study [Yoshida, E. and Sugita, A., Macromolecules, 29, 6422 (1996)], radical poly- 
merization of St (8.70 mol/L) was performed with BPO (0.0866 mol/L) in the presence of TEMPO-PT 
(91.1x10-3 mol/L). The polymerization was carried out in bulk at 125°C after being held at 95°C for 
3.5 h. The relation between the molecular weight of the polymer produced and the conversion of 
St was investigated to determine whether this radical polymerization proceeded in accordance with a 
living mechanism. The first order time-conversion data and the data on conversion-molecular weight 
so obtained are shown below, where Mn denotes the molecular weight of the copolymer : 


Time) Wh, 
0 0 3250 
2.86 5900 
6.55 6800 
17.86 11000 
23.67 12600 


Further, the effect of the concentration of the initiating polymer, TEMPO-PT, on the molecular weight, 
(M,,)p, of the polystyrene (PSt) block of the diblock copolymer, poly(THF)-b-PSt, was investigated, 
yielding the following results : 


[TEMPO-PT], | Time | Conversion | (M,,)p 
(lo mol) 

182 163 100 5750 

91.1 163 94 11100 

47.1 48 97 18700 


(a) Based on a previous finding [Yoshida, E. and Sugita, A., Macromolecules, 29, 6422 (1996)] that 
in the living radical polymerization of St by BPO and 4-methoxy-TEMPO, the concentration of the 
growing polymer chain is determined not by the initial concentration of the radical initiator BPO but by 
that of the nitroxyl radical, calculate the copolymer molecular weight vs. conversion for comparison 
with the experimental values to verify the living character of the system. 


(b) Determine the relation between the molecular weight and [TEMPO-PT]». 


Results from kinetic studies of ATRP for styrene, methyl acrylate, and methyl methacrylate under 
homogeneous conditions indicate that the rate of polymerization is first order with respect to the con- 
centrations of the initial components, namely, monomer, initiator, and Cu(I)/ligand complex. Derive a 
rate law that is consistent with this observation. State the assumptions made in the derivation. Predict 
the variation of monomer conversion with time based on the rate law. Analyze the effect of Cu(ID on 
the polymerization and the conditions under which living/controlled polymerization will proceed. 


Unlike in a normal ATRP, where the initiating radicals are generated from an alkyl halide in the pres- 
ence of a transition metal in its lower oxidation state, ATRP can also be initiated using a conventional 
radical initiator, such as, AIBN. Suggest a general scheme for polymerization with this latter approach. 


Both homogeneous and heterogeneous (or supported) catalytic systems have been used in ATRP. How- 
ever, polymerization with homogeneous catalysts yields a polymer with much lower polydispersity 
than that with heterogeneous and supported catalysts. Explain, giving reason. 


Account for the fact that ATRP in aqueous systems is usually more complex than in non-aqueous 
systems. 


While various monomers, such as styrenes, (meth)acrylates, and acrylonitrile, have been success- 
fully polymerized using ATRP, polymerization of less reactive monomers such as olefins, halogenated 
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alkenes, and vinyl acetate has not been successful. Explain, giving reason. Explain also why optimal 
conditions of ATRP may be quite different for different monomers. 


Taking into account the fact that acid monomers can poison ATRP catalysts by coordinating to the 
transition metal, suggest a suitable method for preparing poly(meth)acrylic acids by ATRP. 


Discuss how macromonomers of styrene and methyl acrylate can be prepared and copolymerized by 
ATRP. Give an outline for the synthesis of allyl end-functionalized macromonomers of styrene and 
methyl acrylate by ATRP. 


Write the structures of macromonomers that can be obtained by ATRP of styrene using the fol- 
lowing initiators: (a) vinyl chloroacetate, (b) allyl chloride, (c) allyl chloroacetate, and (d) vinyl 
2-bromoisobutyrate. 


In ATRP, nearly every polymer chain formed should contain a halogen atom at its head-group, which 
may be a drawback due to increasing concern over the presence of halogens in the environment. 
Discuss the methods that can be used for the (a) removal and (b) transformation of the terminal halogen 
in ATRP polymers. 


Explain why it is much easier to form block copolymers by ATRP than by conventional free radical 
polymerization. 


Suggest a strategy to synthesize AB diblock and ABA triblock copolymers, where B = poly(butyl 
acrylate) (PBA) and A = poly(methyl methacrylate) (PMMA), taking note of the fact in the polymer- 
ization of MMA using ATRP the Cl end group of the growing polymer chain is predominantly less 
labile that the Br group. 


A bromine-terminated monofunctional poly(tert-butyl acrylate) resulting from ATRP of tBA catalyzed 
by the CuBr/N, N, N’, N’, N’’-pentamethyldiethylenetriamine (PMDETA) system (initial mole concen- 
tration ratios BA : methyl bromopropionate (MBrP) : CuBr: PMDETA : CuBr? = 50: 1: 0.5 : 0.525 
: 0.025, 25% acetone, 60°C; conversion = 96% after 6.5 h) was used as macroinitiator for block 
copolymerization with styrene (St) with the initial mole concentration ratios of St : P(tBA) : CuBr 
: PMDETA = 100: 1: 1: 1 at 100°C (conversion 94%). The monofunctional bromo-terminated 
copolymer P(tBA)-b-P(St) formed was subsequently used as a macroinitiator for a further copolymer- 
ization with methyl acrylate (MA). The polymerization was also catalyzed by CuBr/PMDETA (initial 
concentration ratios MA : P@#BA-b-P(St) : CuBr: PMDETA = 392: 1: 1: 1), under high dilution 
in toluene and reached 23% monomer conversion after 3.5 h at 70°C. The experimental molecular 
weight (M,,) of the resulting triblock copolymer P(tBA)-b-P(St)-b-P(MA) was 24,800 with a PDI = 
1.10. Calculate the theoretical M, to compare with the experimental value. 

[Ans. P(tBA) macroinitiator: Mn = 6311; P(tBA)-b-P(St): M, = 16,087; P(tBA)-b-P(St)-b-PMA: 
= 23,840 (cf. exptl. M, = 24,800). ] 


Outline a simple ATRP strategy with minimum number of steps for the synthesis of ABCBA pentablock 
copolymers, where A = poly(methy] acrylate), B = poly(tert-butyl acrylate), and C = polystyrene. 
How would you modify the procedure if A is poly(methylmethacrylate) ? 


Within the context of ATRP, discuss the strategies of preparing (a) graft copolymers, (b) star polymers, 
and (c) hyperbranched polymers. 


Using ATRP techniques in a three-step procedure, a three-arm star copolymer with ABC triblock 
arms, Y(ABC)3, was prepared, where Y is related to the trifunctional initiator [Davis, K. A. and Naty- 
jaszewski, K., Macromolecules, 34, 2101 (2001)], 1,1,1-tris(4-(2-bromoisobutyry- loxy)phenyl)ethane 
(TBiBPE), denoted below as I: 
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and A, B, and C represented homopolymer blocks of stytene (St), tert-butyl acrylate (tBA), and methyl 
methacrylate (MMA), respectively. The experimental conditions (initial mole ratios of monomer : ini- 
tiator : catalyst : ligand, solvent, temperature, time) and results (monomer conversion, Mn of polymer 
product) were as follows (Davis and Matyjaszewski, 2001): Step One St: I : CuBr: PMDETA (Fig. 
11.20) = 20: 1: 0.2: 0.2, 25% anisole, 100°C, 360 min, 57%, 1600. Step Two tBA: I: CuBr: 
PMDETA = 150 : 1 : 0.25 : 0.25, bulk, 60°C, 240 min, 77%, 18,000. Step Three MMA: I: CuCl: 
HMTETA (Fig. 11.20) = 400: 1: 1: 1, 50%, acetone, 60°C, 48%, 31,900. 

Calculate theoretically M,, of the polymer (macroinitiator) obtained by ATRP in each step and compare 
with the experimental Mp. 

[Ans. Step one: Mp = 1935 (cf. exptl. M, = 1600); Step two: Mn = 16,719 (cf. exptl. M, = 
18,000); Step three: 35,919 (cf. exptl. M, = 31,900). ] 


Functional calixarenes can be used as plurifunctional ATRP initiators for the synthesis of star poly- 
mers. Show the structures of 2-bromopropionate and 2-bromoisobutyrate esters of 4-tert-buty] calix[n] 
arene used as tetrafunctional (n = 4), hexafunctional (n = 6), and octafunctional (n = 8) initiators for 
ATRP. 


Suggest a methodology for modular synthesis of an ABC-type miktoarm star polymer consisting of the 
following three arms: poly(e-caprolactone) (PCL), polystyrene (PSt), and poly(tert-butyl acrylate) 
(PfBA). 


It is desired to synthesize (a) AA4-type triarm asymmetric polystyrene (PSt) stars with asymmetry 
in the molar mass of their branches, (b) AB2-type miktoarm star polymer core-(PSt)(P#BA)2 (where 
PtBA = poly(tert-butyl acrylate)), and (c) amphiphilic core-(PSt)(PAA)2 (where PAA = poly(acrylic 
acid)). Suggest a methodology to synthesize these polymers entirely by ATRP processes. 


The research group of U. Tunca [Celik, C., Hizal, G., and Tunca, U., J. Polym. Sci., Part A: Polym. 
Chem., 41, 2543 (2003)] synthesized a novel trifunctional initiator, 2-phenyl-2-[(2,2,6,6-tetramethy])- 
1-piperidinyloxy] ethyl 2,2-bis[methyl (2-bromopropionato)] propionate from the reaction of 2-phenyl- 
2-[(2,2,6,6-tetramethylpiperidine)-oxy]-1-ethanol [Hawker, C. J., Barclay, G. G., Orellana, A., Dao, 
J., and Devonport, W., Macromolecules, 29, 5245 (1996)] and 2.2-bis [methyl (2-bromopropionato)] 
propiony! chloride [Angot, S., Taton, D., and Gnanou, Y. Macromolecules, 33, 5418 (2000)] in 62% 
yield and used it to prepare well-defined miktoarm star, core-(A)(B)2, and miktoarm star block, core- 
(A)(BC)2, via a combination of SFRP-ATRP route. Using this versatile synthetic approach, give an 
outline for the synthesis of a miktoarm star polymer, core-(PSt)(P#BA)2, and miktoarm star block 
copolymer, core-(PSt)(PtBA-b-PMMA)p, with a controlled molecular weight and a moderate polydis- 
persity. [PSt = polystyrene; PrBA = poly(tert-butyl acrylate); PMMA = poly(methy! methacrylate). | 
Define RAFT chain transfer agents (or simply RAFT agents) on the basis of their generic structure 
and functions of R and Z groups. What are the general guidelines for the selection of R- and Z-groups 
for RAFT agents? How would you classify the RAFT agents on the basis of differences in the Z 
functional group? Identify a RAFT agent that can yield two identical polymer molecules from one 
molecule of the agent. 
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11.24 While trithiocarbonates function effectively as RAFT agents when the substituent on sulfur is a good 
homolytic leaving group (as compared to the polymer chain), an outstanding feature of trithiocarbon- 
ates is that they can be prepared with two good homolytic groups, making these RAFT agents capable 
of growing in two directions. An important consequence of this is that ABA triblock copolymers 
can be formed by RAFT polymerization in only two sequential monomer addition steps. To provide 
proof of this hypothesis, $,S-dibenzyl trithiocarbonate (0.0017 M) was used as the chain transfer agent 
(CTA) and AIBN (0.073 M) as the initiator to conduct RAFT polymerization of methyl acrylate (MA) 
(2.22 M) to 54% monomer conversion in 4 h and the resulting polymer (0.0016 M) was chain extended 
with n-butyl acrylate (nBA) (2.79 M) using AIBN (0.073x1072 M) as the initiator at 60°C for 8 h. 
If the conversion of monomer in the second step is 70%, calculate the molar mass of the resulting 
triblock copolymer, poly(MA-b-nBA-b-MA), and that of poly(MA) end segments. 

[Ans. Triblock copolymer: 2,29,100 g mol~!; poly(MA) end segment (each): 30,322 g mol7!.] 


11.25 Define a macro-CTA used in the RAFT process of polymerization. Illustrate R- and Z-group ap- 
proaches in the context of synthesis of AB diblock and ABA triblock copolymers via macro-CTAs. 


11.26 While poly(ethylene oxide) (PEO) has high hydrophilicity and biocompatibility, poly(V-isopropy] 
acrylamide) (PNIPAM) is a well-known thermosensitive polymer having a low critical solution tem- 
perature in water at 32°C. Block copolymers containing PEO and PNIPAM are therefore expected to 
find critical applications in many areas. Discuss how macro-CTA based RAFT polymerization can be 
used to produce diblock and triblock copolymers of PEO and PNIPAM. 


11.27 What are multifunctional CTAs ? How can these be used for the synthesis of star polymers via R- and 
Z-group approaches ? 


11.28 Ina novel experiment, Feng and Pan [Feng, X.-S. and Pan, C.-Y., Macromolecules, 35, 4888 (2002)] 
prepared polystyrene (M,, = 5000, M,,/M, = 1.04) by RAFT polymerization at 80°C using styrene 
(St)/1-phenylethy! dithiobenzoate/benzoy] peroxide (2000 : 10: 1 molar ratio). The synthesized poly(St)- 
S-C(=S)Ph was reacted with maleic anhydride (MAH) in tetrahydrofuran (THF) solution at 80°C, 
using excess MAH to ensure complete reaction. The resulting product was then used as the RAFT 
agent to carry out a second RAFT polymerization of methyl acrylate with benzoyl peroxide initia- 
tor. Finally, the anhydride group of the reacted MAH was esterified with the terminal hydroxyl group 
of poly(ethylene glycol) methyl ether. Show schematically the sequence of steps of the copolymer 
synthesis and describe the nature of the copolymer formed. 


11.29 Show schematically how nonsymmetrical trithiocarbonate RAFT agents can be synthesized by a one- 
pot procedure. 


11.30 While the RAFT process is able to polymerize many monomers that are troublesome for other poly- 

merization techniques, it is also possible to synthesize RAFT agents carrying many useful reactive 
end groups that can later be used for coupling reactions to various macromolecules by site transfor- 
mation to afford synthesis of various block and graft copolymers, containing polymer blocks created 
by different polymerization techniques. RAFT is thus potentially an ideal polymerization technique 
to combine with cationic polymerization by site transformation. An initial example of this prospect 
was provided by Magenau et al. [Magenau, A. J. D., Martinez-Castro, N., and Storey, R. F., Macro- 
molecules, 42, 2353 (2009)], who synthesized block copolymers consisting of polyisobutylene (PIB) 
and either poly(methyl methacrylate) (PMMA) or polystyrene (PSt) block segments by a site transfor- 
mation approach combining living cationic and RAFT polymerizations. 
The initial PIB block was synthesized via quasi-living cationic polymerization of isobutylene using 
TMPCI/TiCl; initiation system and subsequently converted into a hydroxyl-terminated PIB (HTPIB). 
Site transformation of HTPIB into a macro-chain-transfer agent (PIB-CTA) was accomplished by 
DCC/DMAP-catalyzed esterification with a trithiocarbonate-type RAFT CTA carrying a carboxylic 
acid functionalized R-group. The PIB-CTA was then employed in a RAFT polymerization of either 
MMA or St, resulting in PIB-b-PMMA or PIB-b-PSt. 


Give a schematic outline of the aforesaid synthesis of block copolymers and elaborate the four main 
steps: (1) PIB synthesis; (2) hydroxyl end-functionalization of PIB; (3) formation of PIB-CTA; and 
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(4) RAFT polymerization of MMA or St with PIB-CTA as the RAFT agent. [Note: TMPCI = 2- 
chloro-2,4,4-trimethylpentane; DCC = N, N’-dicyclohexylcarbodiimide; DMAP = 4-(dimethylamino) 
pyridine; CTA = 4-cyano-4-(dodecy] sulfanyl thiocarbonyl sulfanyl) pentanoic acid.] 


A common feature of all polymers prepared by RAFT polymerization is that they bear a thiocar- 
bonylthio group at one chain end or both. This limits the industrial application of the RAFT process 
because the thiocarbonylthio end group gives color and instability (especially under basic conditions) 
to the polymer. Discuss and compare the various methods that can be used for removal or transforma- 
tion of the thiocarbonylthio end group. 
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Chapter 12 


Polymer Synthesis by Click 
Chemistry 


12.1 Introduction 


It is the ultimate desire of all chemists to effect reactions of choice with quantitative yields and 
high functional group tolerance (to avoid protecting group strategies), performing reaction in all 
solvents (irrespective of protic/aprotic or polar/nonpolar character, with water as the ultimate sol- 
vent), under benign conditions (such as ambient temperature), and with no or little amount of side 
products. The copper(I)-catalyzed azide/alkyne reaction (also called Sharpless “click” reaction), 
which is a variation of the Huisgen 1,3-dipolar cycloaddition reaction between terminal azide and 
alkyne groups, fulfills all of the above mentioned requirements. Besides the azide/alkyne reaction 
that results in the formation of triazoles, two other examples of Huisgen 1,3-dipolar cycloaddition 
reaction are shown in Fig. 12.1, which involve C-N triple bonds and result in the formation of 
tetrazoles and oxazoles. These reactions, although known for a long time, are located within a 
series of reactions (see later) named “click reactions”. Critical for the broad application of the 
1,3-dipolar cycloaddition pocess as the “click”’-type reaction is the discovery that the purely ther- 
mal Huisgen reaction can be accelerated tremendously by the addition of Cu(1) species within the 
reaction system. This transforms the Huisgen reaction from what may be termed a “good” ligation 
procedure to an extremely “good”, fast and general reacton (Binder and Kluger, 2006). 

To give a historical perspective, the purely thermal 1,3-dipolar cycloaddition reaction was 
studied and proposed by Sharpless et al. in 2001 (Kolb et al., 2001) as a candidate of a click 
reaction on the premise that between alkyl/aryl azides and strongly activated alkynes (viz., acyl 
and sulfonyl cyanides as well as acyl-alkynes), this purely thermal reaction can proceed at modest 
temperatures and give high yields (90-100%). In other words, Sharpless recognized the potential 
of Huisgen’s 1,3-dipolar cycloaddition of azides to alkynes yielding triazoles and retooled this 
reaction as “click” chemistry for the construction of complex molecules. Subsequently, Meldal 
(Tornoe et al., 2002) discovered that the process can be greatly accelerated by Cu(I) salts, leading 
to a reaction at 25°C with quantitative yields and high tolerance to various functional groups and 
solvents. The Cu(I)-catalyzed reaction was also first mentioned by them to have higher regiose- 
lectivity (1,4-triazole formation versus 1,5-triazole) compared to the purely thermal process (see 
Fig. 12.2). 

The essence of click chemistry is the idea of facilitation or making synthesis easy by selecting 
a group of reactions that, when strategically chosen, can facilitate synthesis of a stunning diver- 
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Figure 12.1 Examples of 1,3-dipolar cycloaddition reactions used in click chemistry. 
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Figure 12.2 The basic process of the Huisgen 1,3-dipolar cycloaddition, [3 + 2] system, between azides and 
alkynes, generating 1,4- and 1,5-triazoles. Regioselectivity (1,4-triazole versus 1,5-triazole) is higher (Tornoe 
et al., 2002) in the Cu(1)-catalyzed process, as compared to the purely thermal processes, the former giving 
1,4-disubstituted triazoles almost exclusively (Rostovtsev et al., 2002). 


sity of polymeric structures and functional materials by the simplest, cleanest, and most efficient 
means possible (Sumerlin and Vogt, 2010). A central philosophy of click chemistry is avoid- 
ance of sophisticated synthetic techniques in favor of simple methods that are modular, reliable, 
highly specific, efficient, and easy to implement under relatively mild conditions, without being 
influenced by environments (such as solvents, different functional groups, etc.). A schematic rep- 
resentation of this click concept is shown in Fig. 12.3. 

Though the Cu(1)-catalyzed azide-alkyne cycloaddition (CuAAC) has served as the quintessen- 
tial example of a click reaction since its initial development and has made an enormous impact in 
the field of macromolecular engineering, click chemistry is not limited to this reaction, but rather 
“defines a synthetic concept or framework that comprises a range of reactions with different reac- 
tion mechanisms, but common reaction trajectories” (Nandivada et al., 2007). The reactions named 
click reactions are driven by a high thermodynamic force with an enthalpy gain usually greater than 
20 kcal mol”! (Kolb et al., 2001), thus leading to reactions characterized by high yields, high se- 
lectivity, fast reaction times, and simple reaction conditions. Besides CuAAC, several other highly 
efficient reactions also meet the click criteria (Becer et al., 2009). Some examples of such click 
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reactions that are commonly employed in polymer synthesis and functionalization are shown in 
Fig. 12.4. These include other cycloaddition reactions, such as strain-promoted azide-alkyne cou- 
pling (SPAAC), which do not depend on the use of a Cu(]) catalyst (Fig. 12.4b) and Diels-Alder 
reaction (Fig. 12.4c), many of which possess characteristics of click techniques. 


OF r0- OO 
E A ‘ a 


Click reactive groups 


Figure 12.3 Schematic representation of the click concept. The ends X and Y of molecules A and B represent 
functional groups which react quantitatively with high selectivity and extremely high tolerance toward a wide 
range of functional groups and reaction conditions. (Adapted from Nandivada et al., 2007.) 
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Figure 12.4 Some common click reactions used in polymer synthesis and functionalization. (Adapted from 
Sumerlin and Vogt, 2010.) 
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The Diels-Alder [4 + 2] reaction (Fig. 12.4c), which is a cycloaddition between a conjugated 
diene (a four z-electron system) and a dienophile (a two z-electron system), is a click reaction that 
has attracted much attention in macromolecular chemistry, particularly in providing new materials 
(Jones et al., 1999; Imai et al., 2000; Gheneim et al., 2002; Vargas et al., 2002; Durmaz et al., 2006; 
and Gacal et al., 2006). Thiol-ene reactions (Fig. 12.4d, e), which also fall within the realm of click 
chemistry, refer to hydrothiolation of virtually any alkene C=C bond occurring by either radical or 
nucleophilic mechanisms. These have proven to be practically useful for polymer synthesis under 
extremely mild conditions, often with no solvent and little or no by-product formation. Some of 
these reactions will be discussed more elaborately in later sections. 

Since their advent in 2001-2002, click chemistry strategies have been integrated rapidly into 
the field of macromolecules, while the advantage of simplicity, enhanced efficiency, and speci- 
ficity have allowed the click methods to “flourish vibrantly”. The application of click reactions 
not only facilitates access to well-known polymers, but also allows preparation of complex, pre- 
viously inaccessible macromolecular structures. Greatly enhanced efficiency and specificity, the 
two main attributes of click methods, are arguably more important in reactions of polymers than 
those of small molecules. This is due to the distinctive features of polymers such as high molecular 
weight and multiplicity of functional groups, which complicate the direct application of standard 
organic chemistry techniques to polymer synthesis and functionalization, while inefficiency of ap- 
plied methods leads to products containing reacted units covalently linked to unreacted units due 
to which no simple method of separation can lead to a pure product. The only method that remains 
to ensure product purity in such cases is to apply efficient and quantitative transformations as avail- 
able in click chemistry. High efficiency is especially important in functionalization of polymers 
involving modification of end groups, since kinetic limitations can lead to low yields because of 
low concentration and reduced reactivity of end groups present in high-molecular weight linear 
polymers (Sumerlin and Vogt, 2010). 

As the functional groups in a polymer largely affect its properties and potential applications, 
it is important to introduce quantitatively or preserve carefully all such groups that are needed. 
Similarly, copolymers containing multiple types of monomer units with widely different func- 
tionalities must be reacted with high fidelity in order to avoid any unwanted functionalization or 
transformation of functional groups. In all such considerations, reaction specificity becomes a crit- 
ical issue and click methods assume much significance. For example, if multiple transformations 
are desired on a single polymer, an ideal click reaction procedure with a high level of orthogonal- 
ity can be used to perform simultaneous parallel or cascade reactions in one-pot with little or no 
possibility of cross-functionalization and interference (see Fig. 12.5). Complex macromolecules 
typically requiring several reaction steps can thus be prepared conveniently using one-pot pro- 
cedures. Specificity again is especially important in reactions that involve at least one biological 
component, since a wide variety of functional groups are present in biological molecules (proteins, 
peptides, etc.) and modification procedures should be highly specific to limit side reactions. Click 
techniques have been successfully employed in many such cases. 

The advantages of high efficiency and specificity of click techniques have influenced the field 
of macromolecular synthesis in many ways. Because of their quantitative yields and low suscep- 
tibility to side reactions, click procedures are particularly useful in step-growth polymerization 
processes in which high conversion of functional groups is necessary to achieve high molecular 
weight. In fact, many of the first examples of click reactions employed in polymer synthesis in- 
volved polymers being prepared by step-growth click-type polymerizations (Johnson et al., 2008). 
While block copolymer synthesis commonly relies on living/controlled polymerization methods 
to grow one block from another, click reactions can be used to prepare block copolymers in a mod- 
ular and highly efficient manner by coupling preexisting homopolymers. The modular approach 
can also be used to synthesize star polymers and graft copolymers by click chemistry (Fig. 12.6). 
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(a) Simultaneous Reactions 


(b) Cascade Reactions 


Figure 12.5 Schematic illustration of (a) simultaneous parallel and (b) cascade reactions performed on multi- 
functional macromolecules using click techniques in one-pot procedure. Such reactions are possible because 
of orthogonality of many click techniques. (Adapted from Sumerlin and Vogt, 2010.) 


Since the concentration of complementary reaction moieties in the preexisting homopolymers is 
necessarily low and considerable steric hindrance may also be present, the reaction used in the 
modular approach must be highly efficient. Suitably chosen click reactions thus allow success- 
ful ligation of high molecular weight of polymer chains even with low concentrations of reactive 
groups and significant steric resistance. Multi-block copolymers can also be synthesized in one- 
pot via a suitable combination of click reactions. Making use of the high efficiency and fidelity 
in click chemistry approach, diverse dendritic structures have been generated with high purity and 
excellent yield. The most common click reactions are discussed in this chapter and examples are 
presented to show how the click approach facilitates access to well-known polymers or allows 
preparation of previously inaccessible materials. 


12.2 Copper-Catalyzed Azide-Alkyne Cycloaddition 


Sharpless and coworkers published a paper in 2002 (Rostovtsev et al., 2002) where the forma- 
tion of 1,2,3-triazoles by the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction between 
alkyl/aryl azides and non-activated alkynes was described as a click reaction in contrast to the 
purely thermal (uncatalyzed) azide-alkyne click reaction which refers to the 1,3-dipolar cycload- 
dition reaction between alky]/aryl azides and strongly activated alkynes. The Cu(I)-catalyzed 
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Figure 12.6 Schematic representation of the modular approach of synthesizing (a) block copolymers, (b) star 
polymers, and (c) graft copolymers by click chemistry. It should be noted that in spite of greatly enhanced 
efficiency of click reactions, as compared to more conventional methods, quantitative conversion is difficult 
to achieve in the case of dense grafting. (Adapted from Sumerlin and Vogt, 2010.) 


azide-alkyne cycloaddition (CuAAC), which is the most efficient among the click reactions, runs 
at ambient temperature, is nearly solvent insensitive, and has high tolerance to most functional 
groups. The main functional groups that interfere with CuAAC reactions are strongly activated 
azides (i.e., acyl- and sulfonyl azides), cyanides attached to an electron withdrawing group, free 
thiol-moieties (R-SH), and cyclic alkenes. Double bonds are tolerated to a certain extent, if they 
are neither electronically activated (i.e., by electron withdrawing substituents) nor embedded into 
strained ring substrates (Binder and Sachsenhofer, 2007). For example, the thermal 1,3-dipolar 
cycloaddition reaction rate constants, k (107 dm? M7! s~!), of phenyl azide towards various sub- 
strates having double bonds : 


On +H a OC} 
x 


are as follows (Binder and Kluger, 2006): isoprene (0.15, i.e., 0.15x107 dm? M7! s~!), 1-heptene 
(0.24), styrene (0.4), cyclopentene (2.4), maleic anhydride (7.20), N-phenyl maleimide (27.60), 
norbornene (188), and 1-pyrrolidinocyclopentene (115,000). The strained and electronically ac- 
tivated alkenes therefore become important competitors in the thermal Huisgen azide-alkyne 1,3- 
dipolar cycloaddition process. 
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L=CH,CN or H,O 


Figure 12.7 Mechanism of the Cu(I)-catalyzed azide-alkyne 1,3-dipolar [3 + 2] cycloaddition reaction. 
(Adapted from Binder and Kluger, 2006.) 


The mechanism of the CuAAC reaction was first proposed by Meldal (Tornoe et al., 2002) 
and Sharpless (Rostovtsev et al., 2002) and later verified by computational methods by Sharp- 
less (Himo et al., 2005) in a series of papers. The proposed catalytic cycle based on a concerted 
mechanism via a Cu-acetylide intermediate is shown in Fig. 12.7. The most effective variant of 
the catalyzed 1,3-dipolar azide-alkyne cycloaddition system uses terminal alkynes in combination 
with copper sulfate and sodium ascorbate. The sodium ascorbate reduces copper sulfate to Cu(I), 
which forms a Cu-acetylide by reaction with the terminal alkyne via an initial 7-complex forma- 
tion. The copper acetylide formed is considerably more reactive toward the azide so that a rate 
enhancement of the 1,3-dipolar cycloaddition results (Englert et al., 2005). 


Acting as ligand for the azido-moiety, the Cu-acetylide leads to the formation of a 6-membered 
transition state, in which the Cu(I) plays a central role in the cycloaddition process (Shintai and Fu, 
2003). The calculation of relevant energies and activation energies (Himo et al., 2005) revealed 
that this Cu(I)-mediated cycloaddition results in a lowering of the activation barrier by about 11 
kcal/mol with respect to the thermal Huisgen 1,3-dipolar cycloaddition process. This accounts for 
both the high rate acceleration and greatly enhanced regioselectivity of the catalyzed cycloaddition 
reaction. 


Though in case of the azide-alkyne 1,3-dipolar cycloaddition process, exclusively Cu(I) cata- 
lysts have been used (in 0.25-2 molcatalysts (Ru, Ni, Pd, and Pt salts) have also been employed. 
For Cu(I) catalysts, most methods directly use Cu(I) salts, while other methods generate Cu(I) 
by reduction of Cu(II) salts with sodium ascorbate or metallic copper. The catalyzed cycloaddi- 
tion reaction is experimentally simple, perfectly reliable, quantitative, proceeds well in aqueous 
solutions under ambient conditions without protection from oxygen, requires only stoichiometric 
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amounts of azide and alkyne, and generates virtually no by-products (Wu et al., 2004): 


5 mol% CuSO,.5H,0, 
re ; 10 mol % Sodium ascorbate JON 
N=N—-N-R + R= —W—? N N—R 
H,O/BuOH (1:1), RT, 8h ) —/ 
I 


R 


The components and catalysts are simply mixed and stirred. This produces pure products which are 
simply isolated by filtration or extraction. Typical Cu-systems used in Cu(1)-catalyzed synthesis of 
1,2,3-triazoles from azides and alkynes are Cu(II)SO4.5H20/sodium ascorbate, CuU(IDS04.5H20/ 
copper metal, Cu(I)(MeCN)4PF., CuUDX(X = Br, I), Cu()(PPh3)3Br, Cu metal/NEtz3, and Cu 
metal/Cu(I])SO4/microwave (Binder and Kluger, 2006). Copper clusters of Cu/Cu oxide nanopar- 
ticles with Cu(D/Cu(ID mole ratio 1:3 and 7-10 mm size, as well as copper clusters of diameter 
~2 nm with a specific surface area of 168 m?/g have also been reported [Molteni et al., 2006; 
Pachon et al.,2005) to have catalytic activity in the 1,3-dipolar cycloaddition process. Often 1-5 
equivalents of base (Binder and Kluger, 2006): 


sax 


2,6-lutidine N,N-diisopropyl 
ethylamine 


are added to promote Cu(I)-acetylide formation. Besides the Cu(I) catalyst and the base, ligands 
which lead to a stabilization of the Cu(I) oxidation state are used to prevent Cu(II) catalyzed ox- 
idative coupling reactions. Strong effects of microwave irradiation on the click reaction have been 
reported. Thus Fokin and coworkers (Appakkuttan et al., 2004) observed triazole formation in 
86-93% yield in a single step from benzylic halides, sodium azide, and phenylacetylene under 
microwave irradiation. The CuAAC reaction, as mentioned earlier, proceeds under aqueous con- 
ditions with high yields and complete regioselectivity. Most of the other known solvents are also 
applicable, such as hexane, toluene, alcohols, halogenated solvents (e.g., dichloromethane, chlo- 
roform), dimethyl formamide, dimethyl sulfoxide, tetrahydrofuran, diethyl ether, etc. Biphasic 
reaction systems, such as water/alcohol and water/toluene, are possible with excellent results. 

Tired of the additional work of protective group strategies and faced with insufficient reaction 
progress, many chemists have long been searching for click-type systems to use as simple and 
efficient hands-on chemical tools in synthetic strategies. Now, at least a visible step in this direction 
may be said to have been taken with the advent of the click concept that explains the enormous 
impact it has made already in material science and chemistry, especially in the field of polymer 
science, showing a glimmer of an exciting prospect to build complex polymeric structures in a 
brick-type fashion by simple chemical means. The use of the click concept in diverse applications, 
such as step-growth polymerization (Fig. 12.8a), synthesis of block copolymers, graft copolymers 
(Fig. 12.6), dendrimers or hyperbranches, and functionalization/modification of polymers (Fig. 
12.8b) with, or by immobilization to, a variety of substrates, is mostly based on linking by CuAAC 
reactions between azido- and alkyne-termninated entities (see Fig. 12.8). 
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Figure 12.8 Schematic representation of (a) step-growth coupling of bivalent azide and bivalent acety- 
lene telechelic polymers; (b) polymer modification by CuAAC of pendant alkyne groups of polymers, e.g., 
poly(vinyl acetylene), with an azide-bearing substrate; and (c) functionalization of polymer by CuAAC of 
pendant azide with alkyne-bearing functional moiety. Azide terminated dendrimers are similarly subjected to 
CuAAC with alkyne-derivatized functional moieties to achieve desired functionalization of dendritic macro- 
molecules. 


Most dendrimer syntheses, particularly at later generations, require high monomer loading and 
need tedious and lengthy chromatographic separations, while simultaneously generating consider- 
able waste. The high fidelity and efficiency of the CuAAC approach, which provides the exciting 
possibility of very simple purification due to the use of only stoichiometric amounts of reagents 
and high conversions, makes the method particularly attractive for the synthesis of dendrimers. 
In fact, the method first employed by Sharpless and coworkers (Wu et al., 2004) with Frechét’s 
convergent approach for dendrimer preparation clearly marked a breakthrough in the synthesis of 
dendrimers and dendritic polymeric materials. It was also possibly this application that originally 
brought click chemistry to the attention of polymer community. Employing monomer structures 
(D) and (ID) containing azide and alkyne groups (see Fig. 12.9) and creating 1,4-triazole linkages 
between each generation by CuAAC, the authors succeeded in preparing well-defined dendrimers 
in a straightforward manner with high yields. 

Hawker and Wooley (Joralemon et al., 2005) later extended the CuAAC reaction to prepare 
dendrimers in a divergent fashion. The divergent method of synthesis generally involves serial 
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Figure 12.9 Synthesis of dendrimer by repeated CuAAC using Frechét’s convergent methodology. Repeated 
condensation of bivalent acetylene (IT) with various azides (I) yields the core-building block (IID). Simple 
nucleophilic substitution of Cl using NaN3 leads to the ‘double edged’ building block (IV), which in turn 
is condensed with (II) to yield triazole dendrimer (V). Individual branches or dendrons can thus be built 
sequentially and, finally, coupled to a multivalent center piece (“core”), thus leading to a variety of dendrimers 
with different chain-end groups (R) and internal repeat units (X). [Adapted from Wu et al. (2004) and 
Sumerlin and Vogt (2010).] 


repetition of two chemical reactions with the growth taking place outward from the core to the 
dendrimer surface, as the generation, and thus the diameter of the dendrimer, increases more or 
less linearly with the number of cycles. (“Generation” refers to the number of repeated branch- 
ing cycles that are performed during its synthesis. For example, in the divergent method, if the 
branching reactions are performed onto the core molecule three times, the dendrimer formed is 
considered to be a third generation dendrimer.) As 2 or 3 monomers are usually added to each 
branch point in the reaction cycle, the number of end groups on the surface increases exponen- 
tially with each cycle, causing steric crowding and limiting the maximum size of the dendrimer. 
The convergent method of dendrimer synthesis also involves repetition of several chemical reac- 
tions, but here the reaction cycles are used to synthesize dendrons or dendrimer branches (instead 
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of successive generation of a dendrimer) which are linked in the last synthetic step to two or more 
attachment points on a core molecule. While dendrimers synthesized by either method may con- 
tain defects, the problem is less pronounced in the convergent method. However, high generation 
dendrimers (>G8) cannot be prepared efficiently by the convergent approach because of usually 
low reaction yield between the high generation dendrons and the core. By the divergent approach, 
in comparison, dendrimers up to G10 can be prepared. 

The strategy has been shown to provide facile synthetic routes for obtaining dendritic macro- 
molecules with little or no purification. The divergent method starts with reaction between a 
core molecule and the monomer. The dendrimer core molecule is a bis-azide, such as 1,2-bis(2- 
azidoethoxy)ethane (VI) (Fig. 12.10) and the monomer is an alkyne-functionalized dihydroxy 
compound, such as propargyl ether of 1-hydroxybenzene-3,5-dimethanol (VII) derived from dime- 
thyl 5-hydroxy isophthalate, as shown in Fig. 12.10. CuAAC reactions between the azide termini 
of the core and the alkyne terminus of the monomer, as shown in Fig. 12.11, yield the first gen- 
eration dendrimer in OH-form, i.e., [G-1](OH)4, which can then be transformed (Fig. 12.12) into 
either azide form ([G-1](N3)), or alkyne form ({G-1](alkyne)4)), demonstrating the versatility of 
the synthetic approach. Choosing, for example, the azide form for further growth, CuAAC reaction 
between the first generation azide-terminated dendrimer ({G-1](N3)4) and the monomer yields the 
second generation hydroxyl-terminated dendrimer, namely, [G-2](OH)x (Fig. 12.13). Its reactiva- 
tion by transformation to [G-2](N3)s, followed by CuAAC reaction with the monomer then gives 
the third generation hydroxyl-terminated dendrimer, namely, [G-3](OH)16. In this way, employ- 
ing an iterative sequence that involves CuAAC reaction between azide chain ends of the growing 
dendrimers and the alkynyl group of the monomer, followed by reactivation via transformation of 
the hydroxyl groups to azides, one can proceed until the azide-terminated dendrimer of the desired 
generation number is arrived at (Fig. 12.14). Since alcohol functionalities can be converted to 
either azide or alkyne groups (see Fig. 12.12), the end groups of the dendrimer of any generation 
number made by the above divergent method can be either azide, hydroxy], or alkynyl. Since such 
azide- and alkyne-functionalized dendrimers are capable of undergoing further click reactions, 
dendrimers made by the aforesaid divergent click strategy have the potential to find applications 
as reactive and multifunctional globular macromolecules. 
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Figure 12.10 Synthesis of 1,2-bis(2-azidoethoxy)ethane (VI), used as the bis(azide) core, from 1,2-bis(2- 
chloroethoxy)ethane. (b) Synthesis of propargyl ether of 1-hydroxybenzene-3,5-dimethanol (VII), used as a 
monomer, from dimethyl 5-hydroxyisophthalate. (Drawn following the synthesis method of Joralemon et al., 
2005.) 
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Figure 12.11 Synthesis of first generation dendrimer, [G-1](OH)4, from bis(azide) core and monomer by 
CuAAC reactions. (NaAsc = Sodium ascorbate.) (From Joralemon et al., 2005. With permission from 
American Chemical Society.) 
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Figure 12.12 Reactivation of hydroxyl-terminated dendrimer via transformation of hydroxyl groups to 
azides (Path A) and alkyne groups (Path B). (After Joralemon et al., 2005. With permission from Ameri- 
can Chemical Society.) 
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Figure 12.13 Synthesis of generation 2 dendrimer (azide-terminated) by CuAAC reaction using a divergent 
approach. (After Joralemon et al., 2005. With permission from American Chemical Society.) 


As we have seen in the preceding pages, click reactions permit C—C bond (or C—N) forma- 
tion in a quantitative yield without side reactions and without need for an additional purification 
step. Perhaps these advantages of click reactions have been most thoroughly exploited by combi- 
nation of the azide/alkyne click chemistry with controlled/living polymerization techniques. For 
example, the combination of atom transfer radical polymerization (ATRP) and CuAAC has been 
extensively used to prepare a range of polymers with interesting properties, not easily accessible 
by other methods. The use of CuAAC has also been very fruitful when combined with other con- 
trolled/living polymerization methods, such as ring-opening polymerization (ROP) (Riva et al., 
2005; Parrish et al., 2005; Lecomte et al., 2006), ring-opening metathesis polymerization (ROMP) 
(Yang and Weck, 2008; Murphy et al., 2006; Xia et al., 2008), cationic polymerization (Mage- 
nau et al., 2009; Gress et al., 2007; Tasdelen et al., 2008; Luxenhofer and Jordan, 2006), anionic 
polymerization (Thomsen et al., 2006; Wang et al., 2009; Parrish et al., 2005; Li et al., 2007), 
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Figure 12.14 Synthesis of generation 3 dendrimer (azide-terminated) by CuAAC reactions using a divergent 
approach, according to the method of Joralemon et al. (2005). For structures of G-1 and G-2 dendrimers see 
Fig. 12.13. 


nitroxide-mediated polymerization (NMP) (Joralemon et al., 2005; Gungor et al., 2007; Binder et 
al., 2007; Fleischmann et al., 2008; Altintas et al., 2007), and reversible addition-fragmentation 
chain transfer (RAFT) polymerization (O’Reilly et al., 2006; Vogt and Sumerlin, 2008; Rajan and 
Brittain, 2007, 2008; Gondi et al., 2007; Sinnwell et al., 2008; Magenau et al., 2009). 


Since an azide-alkyne reaction results in the formation of 1,2,3-triazole ring, which acts as the 
bridge between the parts attached to the reacting azide and alkyne groups, the influence of 1,2,3- 
triazole moieties on the properties of material prepared by CuAAC cannot be overlooked. The 
m-electronic system of the triazole ring imparts an aromatic character (and hence stability) that 
is beneficial (Sumerlin and Vogt, 2010), thus prompting synthesis of new monomers (Thibault et 
al., 2006; Takizawa et al., 2008), RAFT agents (Akeroyd et al., 2009), and conjugated polymers 
(Bakbak et al., 2006; van Steenis et al., 2005). Triazoles can serve as ligands for Cu(J) ions pro- 
ducing autocatalytic behavior for many reactions (Chan et al., 2004). This effect is augmented for 
macromolecules containing multiple closely spaced triazole units. It was hypothesized (Sumerlin 
et al., 2005) that triazoles formed along the polymer backbone can complex Cu(I), leading to an 
effective higher local catalyst concentration in the immediate vicinity of neighboring unreacted 
azide groups to cause acceleration of reaction rate. 
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12.2.1 Combination of ATRP and CuAAC Reactions 


Three different strategies have been employed by various workers to combine ATRP and CuAAC 
reactions, namely, using (i) azide-telechelic macromonomers, (ii) alkyne-telechelic macromono- 
mers, and (iii) azide or acetylenic moieties within side chains. ATRP has the advantage that 
the polymers produced by the method contain w(terminal)-halogen end groups, which can be 
substituted to contain azide groups. ATRP is thus an attractive technique for the synthesis of 
well-defined end-functionalized polymers. 

The functionalization of ATRP-made polymers by substitution with NaN3 and subsequent 
CuAAC with low molecular weight alkynes was first reported by Lutz et al. (2005) and many 
systematic studies have been conducted since then which have revealed the strong dependence 
of CuAAC reactions on the end-group structure and catalyst (Golas et al., 2008; Altintas et al., 
2006). There has been a rapid proliferation of other methods for combining ATRP and CuAAC to 
facilitate synthesis of macromonomers (Vogt and Sumerlin, 2006; Topham et al., 2006), function- 
alized telechelic and high-molecular weight polymers (Gao et al., 2005), multiblock copolymers 
(Tsarevsky et al., 2005; Kyeremateng et al., 2008), star polymers (Urbani et al., 2007; Altintas 
et al., 2006; Gao and Matyjaszewski, 2006; Urbani et al., 2008), macrocyclics (Tsarevsky et al., 
2008; Eugene and Grayson, 2008; Xu et al., 2007; Ge et al., 2009), networks (Diaz et al., 2004; 
Johnson et al., 2006; Mespouille et al., 2008), bioconjugates (Lutz and Boerner, 2008; Ladmiral et 
al., 2006), bionanoparticles (Zeng et al., 2007; Joralemon et al., 2005), and functionalized surfaces 
(Ranjan and Brittain, 2007). 


12.2.1.1 Macromonomer Synthesis 


Macromonomers are macromolecules of relatively low molecular weight that contain at least 
one vinyl group (or other polymerizable group) at a chain end which can be polymerized in a 
separate reaction. During polymerization, macromonomers serve as building blocks to facili- 
tate synthesis of a variety of branched polymer topologies. While homopolymerization is used 
to prepare star or densely grafted brush-shaped polymers, copolymerization with low-molecular 
weight comonomers leads to loosely grafted and statistically distributed graft copolymers (Vogt 
and Sumerline, 2006). 

There are two general synthetic routes to vinyl-capped macromonomers, namely, either an 
appropriate vinyl-functionalized initiator is used for ATRP of a monomer or the chain ends are 
modified after polymerization. In principle, post-polymerization modification is much more ver- 
satile, allowing access to a large range of different macromonomers. Using this latter approach, 
ATRP has been combined with CuAAC reaction to prepare well-defined macromonomers from 
commercially available reagents. Thus poly(n-buty] acrylate) (PBA), polystyrene (PSt), and PSt- 
b-PBA were prepared by ATRP and the resulting bromine-terminated polymers were transformed 
to azide end groups. Reaction of these azido-terminated polymers wih alkyne-containing acrylate 
and methacrylate monomers resulted in nearly quantitative chain end functionalization, yielding 
macromonomers with various molecular weights and architectures (Vogt and Sumerline, 2006). A 
wide range of hydrophilic methacrylic macromonomers with either methacrylic or acrylic terminal 
groups were also prepared in this way (Topham et al., 2008). Thus, the ATRP of several acrylate 
monomers, such as 2-amino ethyl methacrylate hydrochloride, 2-(diethylamino) ethyl methacry- 
late, 2-(dimethylamino) ethyl methacrylate, 2-hydroxyethyl methacrylatre (HEMA), and glycerol 
monomethacrylate (GMA) was conducted in turn in protic media at room temperature using an 
azido-functionalized initiator, and the resulting homopolymer precursors were then reacted with 
propargyl] (meth)acrylate to obtain well-defined methacrylic macromonomers. 
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Scheme P12.1.1 Synthesis of PStso-acrylate macromonomer according to the method of Vogt and Sumerlin 
(2006). For details, see Problem 12.1. 


Though typically a stepwise procedure was used in which the azide-terminatred polymer was 
isolated and purified before reaction with the alkyne species, an in-situ end group transformation 
process was also conducted in both the cases in which the azide-terminated polymers were reacted 
in situ with alkyne-functionalized methacrylates. This “one-pot” synthesis is possible due to the 
orthogonal reactivity inherent in click chemistry. 


Problem 12.1 Suggest an efficient route, via ATRP and CuAAC reaction, for the synthesis of a (meth)acry- 
late terminated polystyrene macromonomer, such as w-acryloyloxy-polystyrene (DP ~ 50). 


Answer: 


The combination of ATRP and postpolymerization modification by CuAAC click chemistry can be employed 
to prepare well-defined w-(meth)acryloyl macromonomers in an efficient manner. Thus, polystyrene (PSt) 
can be prepared by ATRP and subsequently derivatized to contain azide end groups. The azide-terminated 
polymers can then be reacted with alkyne-containing (meth)acrylate monomers to achieve near-quantitative 
chain-end functionalization by CuAAC reaction. An efficient synthesis route is shown in Scheme P12.1.1. 


For ATRP of St, Vogt and Sumerlin (2006) used methyl 2-bromopropionate (MBP) as the initiator, 
CuBr as the catalyst, N,N,N’,N’,N’’-pentamethyldiethylene triamine (PMDETA) as the ligand, and propar- 
gyl acrylate (PgA) as the alkyne reagent. Briefly, PSt was prepared using the following ATRP conditions: 
[St] /[MBP]/[CuBr]/[PMDETA] = 100:1:1:1 (mol ratio), 40 vol% toluene, 80°C, and nitrogen blanket. The 
polymerization was stopped by cooling and exposing the reaction mixture to air. The monomer conversion 
was limited to less than 60% to ensure end group retention. The reaction mixture was diluted with THF 
and passed through a neutral alumina column to remove the catalysts, and the polymer (PSt-Br) was isolated 
by precipitation into methanol. The bromo-terminated polymer was reacted with NaN3 (1.1 equiv) at room 
temperature in DMF (0.05 M polymer solution) to yield the azido-terminated polymer, PSt-N3, which was 
isolated by precipitation into methanol. Under a nitrogen atmosphere, CuBr (0.5 equiv) catalyst was added to 
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a solution of polymer (0.1 M in DMF), PMDETA (0.5 equiv), and PgA (1.3 equiv). The reaction was allowed 
to proceed at room temperature for 24 h. After removal of the catalyst by passing through a column of neutral 
alumina, the resulting acryloyloxy-end-capped polymer (w-acryloyloxy-PSt) was isolated by reprecipitation 
into methanol. [Note: While in the above procedure, the end-group transformations required to incorporate 
the polymerizable functionality were accomplished as a stepwise series of discrete reactions, an in situ pro- 
cess was also successfully used, wherein azidation was immediately followed by azide-alkyne coupling in 
situ.] 


Problem 12.2 An ATRP initiator, propargyl 2-bromoisobutyrate (PgBiB), containing an alkyne function- 
ality was prepared (Tsarevsky et al., 2005) by reacting propargyl alcohol with 2-bromoisobutyric acid in the 
presence of dicyclohexyl carbodiimide. A heterotelechelic polystyrene with alkyne and bromo end groups 
was prepared by ATRP of styrene (St), in the presence of PgBiB as the initiator and CuBr/PMDETA as the 
catalyst in a solvent. The resulting a-alkyne-w-bromo-terminated polystyrene (ABPSt) was reacted with 
NaN; (nucleophilic substitution) in dimethyl formamide (DMF) to yield the corresponding a@-alyne-w-azido- 
terminated polystyrene (AAPSt). 


This macromonomer was then subjected to step-growth click coupling by CuAAC in DMF at room 
temperature in the presence of CuBr (no additional ligand was necessary as CuBr has sufficient solubility in 
DMF). Because both ATRP and CuAAC are catalyzed by Cu(I) compounds, a one-pot ATRP-nucleophilic 
substitution-click coupling process was attempted (Tsarevsky et al., 2005) by (i) initiating ATRP of St with 
PgBiB ([St] : [PgBiB] : [CuBr] : [PMDETA] = 76 : 1 : 0.25 : 0.25 (mol ratio), 44% toluene, 80°C, 200 min, 
13% monomer conversion), (ii) quenching the polymerization by freezing with liquid nitrogen, (iii) adding 
NaN3, ascorbic acid, and DMF, and (iv) equilibrating to room temperature (116 h) to allow homocoupling of 
the macromonomer. 


(a) Show equations for the sequence of reactions in this process. (b) Calculate the molar mass of the 
heterotelechelic polymer, ABPSt. (c) Given that the macromonomer conversion in the last step is 90%, 
determine theoretically the average molecular weight (M,,) of the polymeric product. 


Answer: 


(a) The sequence of reactions performed in one-pot leading to the synthesis of a-alkyne-w-azide-terminated 
higher molecular weight polystyrene are shown in Scheme P12.2.1. 


(b) Molar mass of PgBiB (P2-I) = 125 g/mol 
Molar mass of St (P2-ID) = 104 g/mol 


t]x0.13 
Molar mass of ABPSe@2amy = 2! 9? Goa g mol’) + (125 g mol’) 
[PgBiB] 


= 1152 g mol”! 

(c) Molar mass of macromonomer (P2-IV) = Mo= 1152 — 80 + 42 = 1114 g mol™!. Therefore, molar mass 
of the structural unit of (P2-V) =Mo = 1114g mol”™!. 
Using Eq. (5.30) for the number-average degree of polymerization (n) of (P2-V), 

n = 1/1- p) 
where p = extent of reaction. 
For p = 0.90, n = 10. Therefore, 

M, = nxMo + Mo= (n+ 1) Mo = 12254 g mol`! 


Problem 12.3 Suggest a method to synthesize, via ATRP and CuAAC reactions, œ-(carboxylic acid)-w- 
hydroxy-polystyrene (PSt), in which the PSt block has a degree of polymerization (DP) of about 30. 
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Scheme P12.2.1 Synthesis of a-alkyne-w-azide-terminated polystyrene (PSt) of high molecular weight by 
the method of Tsarevsky et al., 2005. 


Answer: 


The click chemistry approach can be used for the asymmetric functionalization of polymer chains. A conve- 
nient strategy in the present case is to use a hetero-difunctional initiator (DFI) containing a bromo group and 
a protected alkyne group (Opsteen and Van Hest, 2007) so that the bromo group can be used to initiate ATRP 
of styrene in the presence of Cu/ligand catalyst and the bromo end group of the resulting PSt can be used to 
introduce the hydroxy group at the w-end via azidation and click coupling. Thereafter the alkyne group can 
be deprotected and used to introduce carboxylic acid group at the a-end by CuAAC reaction with an azide 
functionalized carboxylic acid moiety. 


Synthesis of silyl-protected acetylene-functionalized ATRP initiator (Scheme P12.3.1) 


Propargyl 2-bromoisobutyrate (see Problem 12.2) with its acetylene functionality protected by a silyl group 
can be used as the DFI in the present case. Trimethy] silyl (TMS) or triisopropyl silyl (TIPS) protection is 
commonly used, the latter being preferred when greater stability during ATRP reaction is necessary. (Be- 
cause of its bulky character, TIPS has significantly higher stability compared with TMS and hence suf- 
fers much less loss during ATRP.) The synthesis of TIPS-protected propargyl 2-bromoisobutyrate [3-(1,1,1- 
triisopropylsilyl)-2-propanyl-2-bromo-2-methy] propanoate] (P3-I), involves two steps, namely, silylation of 
propargyl alcohol (after protecting the acetylene moiety) and esterification of the alcoholic group (Scheme 
P12.3.1). Adopting the procedure described by Opsteen and Van Hest (2007), a solution of propargyl alcohol 
(1.13 g, 20.2 mmol) in THF (20 mL) is added dropwise at room temperature to 3.0 M solution (20.0 mL) of 
ethylmagnesium bromide, which is diluted with 50 mL THF, and then refluxed for 18 h. After cooling the re- 
action mixture to room temperature, a solution of chlorotriisopropy! silane (TIPS-Cl) (5.57 g, 28.9 mmol) in 
THF (20 mL) is added dropwise and refluxed for 5 h. The product, 3-(1,1,1-triisopropylsilyl)-2-propyn-1-ol, 
obtained as a yellow oil by extraction with EtyO and removal of solvent is used without further purification 
to synthesize the TIPS-protected initiator (P3-I) as described below. 


A solution of 2-bromoisobutyryl bromide (3.75 mL, 30.4 mmol) in THF (40 mL) is added dropwise to 
a solution of 3-(1,1,1-triisopropylsilyl)-2-propyn-1-ol (20.2 mmol) and (C2Hs)3N (4.23 mL, 30.4 mmol) in 
THF (60 mL) at 0°C. The reaction mixture is stirred for 2 h at room temperature to complete the reaction 
forming (P3-I). 
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Scheme P12.3.1 Synthesis of triisopropyl silyl (TIPS) protected acetylene functionalized ATRP initiator. 
(Drawn following the synthesis method of Opsteen and Van Hest, 2007.) 


(P3-1) 


Synthesis of a-(TIPS protected acetylene )-w-azide functionalized polystyrene (Scheme P12.3.2) 


ATRP of styrene is carried out in a Schlenk flask loaded with CuBr to which styrene (much in excess of 
[St] : [CuBr] = 30 : 1 ratio), phenyl ether (solvent), and N,N,N’, N’, N” -pentamethy1 diethylene triamine 
(PMDETA) are added and stirred for 15 min to allow catalyst formation. To the reaction mixture, cooled 
in an ice bath, the difunctional initiator (P3-I) is added and heated at 90°C in an oil bath till the monomer 
conversion (measured by 'H-NMR analysis) corresponding to the target DP of 30 is reached. [The ATRP 
reactions are stopped at a relatively low (less than 50%) monomer conversion to circumvent loss of bromide 
end functionality because of termination processes (cf. Problem 12.2).] To quench the polymerization, the 
reaction mixture is cooled and diluted with CHCl. 


The reaction mixture is then passed through a basic alumina column to remove the catalyst, allowed to 
concentrate in a vacuum, and the polymer (P3-ID is recovered by precipitation in methanol and drying in 
vacuum at 60°C. For conversion to azide end-functionality, NaN3 (10 equiv) is added to DMF solution (0.01 
M) of the above ATRP polymer containing bromide end group and the reaction mixture is stirred for 20 h 
at room temperature. The heterotelechelic polystyrene (P3-IID thus formed is recovered by precipitation in 
methanol and is dried in vacuum at 60°C. 


Coupling of propargyl alcohol (Scheme P12.3.3) 


Propargyl alcohol (0.50 mmol) and THF (5 mL) are added to the above heterotelechelic polystyrene (0.05 
mmol) in a Schlenk tube, followed by 0.2 mL of a stock solution containing CuBr (0.45 M) and PMDETA 
(0.45 M) in THF. The reaction mixture is stirred for 18 h at room temperature for completion of the CuAAC 
reaction (as indicated by the disappearance of FTIR azide signal). The formed hydroxyl-functionalized 
polystyrene (PSt-OH), (P3-IV), is precipitated in methyl alcohol and isolated as a white solid. 


o (P3-ID) 


TIPS 


(P3-I1) 


Scheme P12.3.2 Outline for the synthesis of a-(TIPS-acetylene)-w-azide terminated polystyrene. (Drawn 
following the synthesis method of Opsteen and Van Hest, 2007.) 
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Scheme P12.3.3 Outline for the synthesis of a-(carboxylic acid)-w-hydroxy-PSt by two consecutive CuAAC 
reactions on heterotelechelic polystyrene, bearing both azide and TIPS-protected acetytene end groups. 
(Drawn following the synthesis method of Opsteen and Van Hest, 2007.) 


Removal of TIPS group (Scheme P12.3.3) 


Tetrabutylammonium fluoride (TBAF), available as 1M solution in THF, is used to remove the TIPS group. 
To PSt-OH (0.013 mmol), dissolved in THF (1 mL), TBAF (0.13 mL, 0.13 mmol) is added and stirred for 17 
h at room temperature. TIPS fluoride, formed as a by-product, is removed by passing the reaction mixture 
through a basic alumina column and the deprotected hydroxyl functionalized PSt, (P3-V) is isolated as a 
white solid (yield 95%) by precipitation in methanol. 


CuAAC reaction with azidoacetic acid (Scheme P12.3.3) 


A stock solution (0.1 mL) containing CuBr (0.11 M) and PMDETA (0.11 M) in THF is added to (P3-V) 
(0.011 mmol) and azidoacetic acid (0.11 mmol) in a Schlenk tube and the reaction mixture is stirred for 
18 h at room temperature. The reaction mixture is diluted with CH2Cl (5 mL) and washed with EDTA 
solution (0.055 M aqueous) and water. The polymeric product, @-(carboxylic acid)-w-hydroxy-PSt (P3-VD, 
is recovered as a white solid from the organic layer by precipitation in methanol. The yield of (P3-VI) from 
the process is reported to be 82% (Opsteen and Van Hest, 2007). 


12.2.1.2 End-Functionalization of (Co)polymer Chains 


Since the polymers produced by ATRP have halogen terminal groups and these can be easily and 
efficiently converted into azide groups by nucleophilic substitution, ATRP is particularly well- 
suited to subsequent end-group modification via CuAAC reactions to produce a variety of end 
functional moieties, such as, amino, hydroxy, or carboxy groups (see Problem 12.3). Conse- 
quently, CuAAC reactions in combination with ATRP have emerged as a powerful method to 
modify chain-end and/or chain-side groups for functionalization of various (co)polymers (Gao et 
al., 2005). This is reflected in the synthesis of a variety of functional (co)polymers via reaction of 
various alkynes with azide-derivatized telechelic polymers prepared by ATRP (Lutz et al., 2005; 
Opsteen and Van Hest, 2005; Tsarevsky et al., 2005). 
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Scheme P12.4.1 Synthesis of macrocyclic polystyrene by terminal azidation and CuAAC reaction on linear 
polystyrene prepared by ATRP (Tsarevsky, et al., 2005; Laurent and Grayson, 2006.) 


12.2.1.3 Cyclization of Linear Polymers 


Despite their unique topology and physical properties, cyclic polymers have been a less explored 
topic, probably due to the challenges encountered in their controlled synthesis. While synthetic 
routes for the preparation of macrocyclic polymers have long been a goal for polymer chemists, 
most of the studies made for the preparation of these compounds have involved cyclization of linear 
polymers that typically suffer from poor yields and competing reactions, requiring tedious purifi- 
cation to isolate pure macrocycles (Laurent and Grayson, 2006). However, in the past years, with 
the emergence of CuAAC reactions as an alternative approach for the formation of stable covalent 
linkages due to their high efficiency, quantitative yield and technical simplicity, the possibility of 
applying click reactions in combination with living radical polymerization, especially ATRP, for 
the synthesis of macrocyclic polymers by intramolecular ring closure of heterodifunctional linear 
polymers (bearing alkyne and azide end groups) has attracted much attention. While the bromide 
end group of an ATRP polymer presents an ideal substrate for a nucleophilic displacement with 
an azide, incorporation of an alkyne within the ATRP initiator provides the requisite functional 
groups at opposite (i.e., œ, w) ends of the polymer chain for subsequent cyclization via CuAAC 
reactions. 

An a, w-heterofunctionalized polymer bearing alkyne and azide end groups can undergo either 
cyclization or condensation, depending on the concentration of the polymer. Thus, using Cu(I) 
catalyst (3.6 mM) in THF/water, Laurent and Grayson (2006) found that concentrations of œ- 
alkyne-w-azido-terminated polystyrene above 0.1 mM favored condensation while dilution below 
that concentration favored intramolecular cyclization. Since the dilution required to obtain high 
purity macrocycle would be prohibitively excessive, these workers utilized a continuous addition 
technique to ensure that the concentration of unreacted linear polymer during the course remained 
infinitesimally small. 


Problem 12.4 Suggest an efficient route, via ATRP and CuAAC reaction, for the preparation of narrow 
disperse cyclic-polystyrene with an average of 24 styrene units in the ring. 


Answer: 


a-alkyne-w-azido heterodifunctional linear polystyrene (PSt) precursor of the required degree of polymer- 
ization (DP) is first prepared using a standard ATRP technique. According to the experimental procedure 
reported by Tsarevsky et al. (2005), propargyl 2-bromo-isobutyrate is used as initiator with Cu(D)Br and 
N,N,N’,N’,N’-pentamethyl diethylenetriamine (PMDETA) as catalyst. The reaction is carried out with a 
[Sty]/[initiator]/[CuBr]/[PMDETA] mol ratio of 40:1:1:1, in 11 vol% phenyl ether at 90°C for 75 min. The 
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ATRP reactions are stopped at about 60% monomer conversion to correspond to the target DP, yielding nar- 
row disperse heterodifunctional PSt with Mw/Mn < 1.2 (Tsarevsky et al., 2005). The polymer is purified by 
extraction into CH2Cly and precipitation into methanol. Azidation of the bromide end group of the polymer 
is carried out in DMF with sodium azide at 25°C (Scheme P12.4.1). 


The cyclization of the a-alkyne-w-azido PSt linear precursor is carried out under high dilution condition. 
According to the procedure of Laurent and Grayson (2006), 5 mL of a2 mM solution of the heterodifunctional 
PSt in DMF is added over 24 h (i.e., at a rate of 34 wL/10 min) into a 115 mL volume of DMF at 120°C 
containing Cu(DBr and bipyridine. After 1 additional hour, DMF is removed under reduced pressure and the 
product, cyclic-PSt, is recovered by extraction into CH2Cl and precipitation into methanol. The molecular 
weight of polymer samples is found to remain unchanged after successful cyclization. 


12.2.1.4 Moldular Synthesis of Block Copolymers 


As we have noted earlier, ATRP allows the introduction of azide and acetylene end groups, via 
the use of functional initiators or post-polymerization end group modification methods. Employ- 
ing both functionalization routes an azide as well as an acetylene end group can be introduced 
into the same polymer molecule. These heterotelechelic polymers have been used for step-growth 
intermolecular click coupling (see Problem 12.2) to produce higher molecular weight polymers 
containing triazole linkages in the repeat units and for the synthesis of macrocyclic polymers by 
intramolecular click coupling (Problem 12.4). While CuAAC coupling of monofunctional poly- 
mer blocks leads to diblock copolymers (Fig. 12.6a), by coupling heterotelechelic polymeric 
building blocks via CuAAC reactions one can carry out modular synthesis of block copolymers 
in a controlled fashion, which, otherwise, would be a difficult synthetic task by means of consec- 
utive polymerization of different monomers. Using heterotelechelic polymers bearing protected 
acetylene moieties and azide functional groups, first CuAAC reactions can be performed using the 
azide groups to join one polymer block, and, after deprotection of the acetylene groups, a second 
polymer block can be coupled to the other terminus, yielding ABC type block copolymers. This 
concept of conducting two consecutive click coupling reactions onto one single polymer chain is 
versatile and can be used for the asymmetric functionalization of polymer chains with a myriad of 
distinct moieties (e.g., biomolecules) (Opsteen and van Hest, 2007). 


Problem 12.5 Show how an ABC triblock terpolymer, poly(methy] acrylate)-b-polystyrene-b-poly(tert- 
butyl acrylate) (PMMA-b-PSt-b-PtBA), can be synthesized modularly, in a controlled manner, using ATRP 
and consecutive CuAAC coupling reactions. 


Answer: 


For modular synthesis of ABC-type triblock copolymer, two successive CuAAC reactions have to be per- 
formed on the central polymer chain (B block). To accomplish this, the B block polymer having both azide 
and acetylene end groups (heterotelechelic B) has to be used and, moreover, one of the termini has to be 
protected in order to prevent linear chain extension (cf. Scheme P12.2.1) or formation of cyclic products 
(Scheme P12.4.1). In a straightforward methodology, the terminal acetylene moiety on B is protected and 
the azide terminus is used to carry out the first coupling reaction to join the preformed A or C block. Next, 
the acetylene moiety is to be deprotected to make it available for the second coupling reaction to join the 
remaining C or A block. 


An outline of the synthetic route to prepare PMA-b-PSt-b-PtBA, using the above methodology is given 
below. Triisopropyl silyl (TIPS) group is used for protecting acetylene functionality. The following end- 
functionalized polymer blocks made by ATRP, followed by necessary end-group modifications, are em- 
ployed : a-(TIPS protected acetylene)-w-azide functionalized polystyrene (TIPS-=-PSt-N3), terminal acety- 
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Scheme P12.5.1 Outline for the synthesis of acetylene functionalized poly(tert-butyl acrylate). (Drawn 
following the synthesis method of Opsteen and Van Hest, 2007.) 


lene functionalized poly(tert-butyl acrylate) (H-=-PtBA-Br), and a-(TIPS protected acetylene)-w-azide func- 
tionalized poly(methy] acrylate) (TIPS-=-PMA-N3). 


To prepare H-=-PtBA-Br, tBA polymerization is first carried out under ATRP conditions utilizing a TIPS- 
protected acetylene-functionalized ATRP initiator (see Scheme P12.3.1) to produce TIPS-=-PtBA-Br. Its 
acetylene terminus is then deprotected quantitatively by stirring with tetrabutylammonium fluoride (TBAF) 
for more than 12 h at room temperature and passing the reaction mixture through a basic alumina column to 
remove TIPS fluoride. This yields H-=-PtBA-Br (Scheme 12.3.1) bearing deprotected acetylene functionality 
as a handle to conjugate to an azide functionalized polymer via CuAAC reaction. TIPS-=-PSt-N3 and TIPS- 
=-PMA-N3 are prepared using protocol similar to that used for TIPS-=-PtBA-Br, followed by replacement 
of Br by azide group. 


As a first step in the synthesis of triblock terpolymer, PMA-b-PSt-b-PtBA (Scheme P12.5.2), heterot- 
elechelic PSt (TIPS-=-PSt-N3) and unprotected acetylene functionalized PtBA (H-=-PtBA-Br) are clicked 
together by applying CuBr/Me6 TREN as a catalyst with DMF as a solvent. To drive the reaction to comple- 
tion, a slight excess of PSt (1.13 equiv) is used. After about 18 h of reaction, residual azide groups are reduced 
via a Staudinger reduction by addition of PPh3 (Brase et al., 2005) so that the resulting amine terminated PSt 
can be removed by employing 95:5 CH2Cl2/MeOH (Opsteen and van Hest, 2007). The acetylene end group 
of the diblock copolymer TIPS-=-PSt-b-PtBA-Br thus obtained is then made available for the next coupling 
reaction by removal of the TIPS group with TBAF in the same manner as for PtBA in Scheme P12.5.1. 


As the final step in preparing the triblock terpolymer, TIPS-=-PMA-N3 (1.5 equiv) is coupled to the free 
end functionality of the H-=-PSt-b-PtBA-Br diblock copolymer via CuAAC reaction, which is conducted 
at 50°C with CuBr/MesTREN as the Cu(I) source and DMF as the solvent (Opsteen and van Hest, 2007). 
The excess of azide functionalized PMA is again removed by reduction of the azide moiety with PPh and 
extraction of the amine terminated polymer with the mixed solvent CH? Cl2/MeOH (95:5). 


12.2.1.5 Nonlinear Polymer Synthesis 


Nonlinear polymers primarily include star, miktoarm star, and H-type (co)polymers, hyperbranched 
dendrimers, and dendrimer-like star polymers. Homo-arm (or regular) star polymers contain mul- 
tiple arms of identical chemical composition and similar molecular weight connecting to a central 
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Scheme P12.5.2 Modular formation of an ABC-type triblock terpolymer from heterotelechelic precursors 
using CuAAC reactions. (Drawn following the synthesis method of Opsteen and Van Hest, 2007.) 


point, e.g., three-arm star of monomer A, which we may denote as core-(poly A)3. They repre- 
sent the simplest structure of numerous possible branched topologies (Hadjichristidis et al., 2001). 
Star polymers in which each arm is a multiblock copolymer chain, e.g., core-(poly A-b-poly B)3 
for a diblock 3-arm star, or core-(poly A-b-poly B-b-poly C)3 for a triblock 3-arm star, are called 
star-block copolymers, whereas those in which two or more are species are of different chemi- 
cal compositions, e.g., (poly A)2-core-(poly B), and/or different molecular weights, are known as 
miktoarm star (or heteroarm) copolymers (Fig. 12.15). A special type of nonlinear polymers are 
H-shaped polymers, in which two side chains are attached to each end of a polymer backbone 
(main chain), e.g., (poly A)2-core-poly B-core-(poly A)2. 
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Figure 12.15 Schematic representations showing the differences between various types of star (co)polymers: 
(a) star homopolymers; (b) star block copolymers; (c) and (d) miktoarm star copolymers. Solid lines and 
dotted lines represent polymer chains differing in composition and/or molecular weight. 


While branched polymers consist of a main (first) chain on which there are a relatively small 
number of branching points or at least one point where a second chain of monomers branches off, 
hyperbranched polymers have a very large number of branches (Fig. 12.16b). Dendrimers are 
a subset of hyperbranched polymers in that they have no imperfections and they branch at each 
monomer unit. A dendrimer (Fig. 12.16c) is typically symmetric around the core, and often adopts 
a spherical three-dimensional morphology. The word ‘dendron’ is also encountered frequently. 
A dendron (Fig. 12.16d) usually contains a single chemically addressable group called the focal 
point. The differences between dendrons, dendrimers, amd hyperbranched polymers are illustrated 
in Fig. 12.16, but the terms are typically encountered interchangeably. The structure of dendrimer- 
like star polymers is similar to that of dendrimers; however, there are polymeric segments rather 
than short linkages between the branching points as in dendrimers. 

Star polymers with different arm numbers can be prepared in a facile and efficient manner 
under mild conditions using click chemistry stategy based on 1,3-dipolar cycloaddition between 
azide and alkyne functional groups (CuAAC reaction) of the polymeric precursors, such as azido- 
terminated polymers, and alkyne-containing multifunctional compounds (Gao an Matyjaszewski, 
2006). Thus, a four-arm star polymer, as shown in Fig. 12.6(b), can be prepared by CuAAC 
reactions between azido-terminated polymeric precursors forming the arms and a tetraalkyne- 
containing compound forming the hub or core (see Problem 12.6). 


Problem 12.6 | Combination of ATRP and the click coupling method provides a simple and efficient route 
to the synthesis of various types of star polymers. Discuss, in this context, a feasible procedure for the 
efficient synthesis of polystyrene (PSt) three-arm and four-arm star polymers under mild conditions. 


Answer: 


Gao and Matyjaszewski carried out the first synthesis of PSt star polymers using a combination of ATRP and 
click chemistry (Gao and Matyjaszewskki, 2006). PSt linear chains with high azide chain-end functionality 
were prepared and coupled with tri- and tetra-alkyne-containing coupling agents under mild conditions to 
produce PSt 3-arm and 4-arm polymers, respectively (Scheme P12.6.1). 


A trialkyne-containing coupling agent (P6-I) and a tetraalkyne-containing coupling agent (P6-IL) were 
prepared, in 85% and 73% yields, by reacting, respectively, 1,1,1-tris(4-hydroxyphenyl) ethane and pen- 
taerythritol with pentynoic acid. The reactions were conducted in methylene chloride in the presence of 
N-(3-(dimethylamino)propyl)-N’ -ethylcarbodiimide hydrochloride and 4-(N.N-dimethylamino) pyridine for 
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Figure 12.16 Schematic representation of (a) branched polymers, (b) hyperbranched polymers, (c) den- 
drimers, and (d) dendrons. 


40 h at room temperature. To prepare w-azido-terminated PSt (1.e., PSt-N3), used as PSt precursor, w-bromo- 
terminated PSt chain was first prepared by ATRP using CuBr, N, N,N’, N’, N’”’-pentamethyldiethylenetriamine 
(PMDETA) as catalyst and ethyl-2-bromoisobutyrate (EBiB) as initiator, and stopping the reaction at low (< 
30%) styrene conversion (via exposure to air and dilution with THF) to circumvent the loss of bromide func- 
tionality due to termination processes. The PSt—Br obtained was treated with NaN3 (2 times excess to the 
mole of bromo group) in DMF at room temperature to introduce azide moieties by nucleophilic substitution, 
followed by precipitation of the resulting PSt-N3 into MeOH/water mixture (1:1 by volume). 


The CuAAC reactions between PSt-N3 and the aforementioned tri- and tetra-alkyne coupling agents were 
conducted with DMF as solvent and CuBr/PMDETA as catalyst for 10 h at room temperature, the molar ratios 
used being [PSt—N3 ]/[P6-I]/[CuBr]/[PMDETA] = 1/0.33/0.5/0.5 and [PSt-N3]/[P6-II]/[CuBr]/[PMDETA] 
= 1/0.25/0.5/0.5. The yields of 3-arm and 4-arm star PSt polymers were 90% and 83%, respectively. The 
addition of a reducing agent Cu(0) [Cu(0)/CuBr = 1/1 by weight] during the coupling reaction to reduce an 
oxidized Cu(II) species back to Cu(I) was found to have a positive influence on click coupling efficiency, 
resulting in faster reaction and higher yield of coupling product. 
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Scheme P12.6.1 (a) Structures of trialkyne containing (P6-I) and tetraalkyne containing (P6-II) coupling 
agents. (b) Schematic illustration of synthesis of 3-arm and 4-arm star PSt polymers usinga combination of 
‘core-first’ and ‘coupling onto’ (CuAAC reactions) methodologies. (Adapted from Gao and Matyjaszewski, 
2006.) 


Problem 12.7 A combination of “core first” and “coupling onto” approaches often offers a simple strategy 
to synthesize star block copolymers. Suggest, accordingly, a synthetic strategy for the preparation of 3-arm 
star block copolymers consisting of diblock polymeric arms, polystyrene—b—polyethylene oxide (PSt-b-PEO). 


Answer: 


The Scheme P12.7.1 shows an outline for the synthesis of 3-arm star-block copolymer (PSt-b-PEO), follow- 
ing the methodologies of Gao, Min, and Matyjaszewski (2007). Using the core-first method, PSt 3-arm star 
polymers, core-(PSt-Br)3, with high bromine chain-end functionality are first synthesized by ATRP of St 
on a multifunctional core such as 1,1,1-tris[4-(2-bromoisobutyryloxy) phenylJethane (TBiBPE) used as ini- 
tiator with CuBr/PMDETA as catalyst (initial ratio of reagents: [St]/[TBiBPE]/[CuBr]/[CuBr2]/[PMDETA] 
= 300/1/1.425/0.075/1.5). The reaction is stopped at low St conversion (~ 12%) via exposure to air and 
dilution with THF. The copper complex is removed by passing the solution through a column of neutral 
alumina before the polymer is precipitated in cold hexane. The chain-end bromo groups of the obtained 
polymer, core-(PSt-Br)3, are transformed to the azide groups by nucleophilic substitution with sodium azide. 
The resulting product, core-(PSt-N3)3, is used for the CuAAC coupling reaction with alkyne-terminated 
poly(ethylene oxide) chain (PEO-alkyne), the latter being prepared by esterification reaction of the OH end 
group of poly(ethylene glycol) monomethyl ether (PEO-—OH) in CHCl, solution with pentynoic acid. The 
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Scheme P12.7.1 (a) Synthesis of core-(PSt-b-PEO)3 3-arm star block copolymers by combination of core- 
first and coupling-onto methods. (b) Structure of ATRP initiator TBiBPE used as multifunctional core. 
(Adapted from Gao, Min, and Matyjaszewski, 2007.) 


reaction is conducted at room temperature for 40 h and is catalyzed by N-(3-dimethylaminopropyl)-N’ - 
ethylcarbodiimide hydrochloride in the presence of 4-(N,N-dimethylamino) pyridine. The efficiency of the 
coupling reaction is influenced by the preservation of chain-end functionalities in both (PSt-N3)3 and PEO- 
alkyne precursors. With the azido functionality of core-(PSt-N3)3 as high as 97% and the alkyne func- 
tionality of PEO-alkyne ~100%, the molar fraction of core-(PSt-b-PEO)3 was determined (Gao, Min, and 
Matyjaszewski, 2007) to be 85% with the remaining 15% being accounted for by core-(PSt)(PSt-b-PEO)2 
(11%) and core-(PSt-b-PEO)(PSt)2 (4%). 


TBiBPE (see Scheme P12.7.1) is a multifunctional ATRP initiator that can be used for the 
synthesis of star polymers by ATRP. Several other multifunctional initiators used in the preparation 
of star (co)polymers are shown in Fig. 12.17. These contain both bromide functionality to initiate 
ATRP and hydroxyl functionality to initiate ROP. 
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Figure 12.17 Several multifunctional initiators used for making star (co)polymers. (VID : 2-((2,2- 
bis(hydroxymethyl) butoxy) carbonyl)-2-methylpropane-1,3-diyl bis(2-bromo-2-methyl propanoate) (Yang 
et al., 2008). (IX): 1,1,1-tris(4-(2-bromoisobutyryloxy) phenyl) ethane (Matyjaszewski et al., 1999). (X): 
2-(hydroxymethy1)-2-methyl-3-oxo-3-(2-phenyl-2-(2,2,6,6-tetramethyl piperidin-1-yloxy)ethoxy) propyl pent- 
4-ynoate (Altintas et al., 2008). (XT): propargyl 2-hydroxylmethyl-2-(œ-bromoisobutyryloxymethyl)propion- 
ate (Altintas et al., 2008). 


Problem 12.8 Discuss strategies for synthesizing the following copolymers by combination of ATRP and 
click chemistry: (a) 3-miktoarm star copolymer core-(PSt)(PtBA) and (b) Ist generation miktoarm poly- 
meric dendrimers (i) core-[PSt-bp-(PtBA) h and (ii) core-[PSt-bp-(PAA) ]2. [bp = branch point, PSt = 
polystyrene, PtBA = poly(tert-butyl acrylate), PAA = poly(acrylic acid).] 


Answer: 


The above syntheses were first reported by Whittaker, Urbani, and Moteiro (2006). The methods used by 
them are presented below. 


(a) PSt-N3 is first synthesized by ATRP of St with an activated bromide initiator, followed by nucleophilic 
replacement of the bromine end group of the resulting PSt-Br by the azide group (see Scheme P12.8.1). 
PtBA-N3 is also made similarly. Tripropargylamine (in large excess) is coupled to PSt-N3 to form PSt-(-=)2. 
A solution of this polymer in DMF is then added to a solution of PfBA-N3 in DMF at 80°C containing 
CuBr/PMDETA catalyst and the CuAAC reaction is allowed to proceed for more than 6 h. 


(b) Dendrimers with miktoarm compositions consisting of PSt, PIBA, and PAA can be easily synthesized 
using a combination of ATRP and click reactions, as shown below. 

(i) To make core-[PSt-bp-(PtBA)]2, a difunctional PSt (i.e., Br-PSt-Br) is first synthesized by ATRP of St 
using a suitable dibromo initiator and CuBr/PMDETA catalyst. Br-PSt-Br is converted to N3-PSt-N3 by 
reacting with NaN3 and further converted to a tetrafunctional precursor (see Scheme P12.8.2), (=)2-PSt-(=)2, 
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by carrying out CuAAC reactions with tripropargylamine (used in large excess) in DMF at 80°C. PrtBA-N3 
is also made separately by ATRP (using a monobromo initiator) and subsequent azide substitution of Br. 
Finally, PtBA-N3 is coupled to (=)2-PSt-(=)2 by CuAAC in DMF at 80°C to yield the 1st generation mikto 
dendritic copolymer core-[PSt-bp-(PtBA)2]2 (see Scheme P12.8.2). 


(ii) A facile conversion of the PIBA arms of core-[PSt-bp-(PtBA)2] to PAA is achieved by treatment with 
trifluoroacetic acid at room temperature to yield 3-miktoarm polymeric dendrimers consisting of hydrophobic 
and hydrophilic segments (see Scheme P12.8.2). 


NaN TPA, Cu (I N=N 
PSt-Br — p PSt-N;, — A00 _ p / = 
DMF, 50°C PMDETA, DMF, 80°C  PSt-Ń = 


c| PIBACNs, 
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N  N-PtBA 
Core - (PSt)(PtBA), 


Scheme P12.8.1 Outline for synthesis of 3-miktoarm star copolymer, core-(PSt)(P#BA)2. (Adapted from 
Whittaker, Urbani, and Monteiro, 2006.) 


12.2.2 Combination of RAFT Polymerization and CuAAC 


While RAFT polymerization, as we have seen in Chapter 11, has in recent years emerged as one 
of the most versatile controlled radical polymerization (CRP) techniques, its combination with 
CuAAC has led to creation of versatile postfunctionalization strategies to prepare highly function- 
alized polymers. These postfunctionalization strategies are commonly utilized in two approaches 
to prepare end-functionalized and side-functionalized polymers (Li and Benicewicz, 2008). In the 
first approach, a RAFT agent containing azide or alkyne moiety is prepared and used to mediate 
the polymerization of various monomers. The polymers obtained containing terminal alkynyl or 
azido functionalities are used in click reactions with functional azides or alkynes, respectively. In 
the second approach, a polymer with pendant alkynyl or azide groups is first synthesized by RAFT 
polymerization and the pendant groups are used subsequently to introduce side-functionalization 
via click reactions. 

Using the first approach, Sumerlin and coworkers (Gondi et al., 2007) synthesized functional 
telechelic polymers for which two novel azido-functionalized chain trasfer agents (CTAs), namely, 
(XID and (XIII) (see Fig. 12.18), were prepared and employed to mediate the RAFT polymer- 
ization of styrene (St) and N,N-dimethylacrylamide (DMA) under a variety of conditions. Poly- 
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merizations of St and DMA were successfully mediated by the aforesaid azido-functionalized 
CTAs, both the RAFT polymerizations exhibiting pseudo-first-order kinetics, a linear dependence 
of Mn on conversion, and low polydispersity (M,,/M, < 1.33), which are characteristics of con- 
trolled polymerization. The obtained homopolymers were found to have retained w end group 
functionality, which allowed successful formation of block copolymers using the homopolymers 
as macro-CTAs (see Problem 12.9). The a-azide terminal polymers and the azide CTAs could 
be coupled with high efficiency by click chemistry to various alkynes (propargy] acrylate, propar- 
gyl methacrylate, and propargyl alcohol) in the presence of Cu(I) catalyst, opening up routes to 
prepare a range of functional telechelic products and CTAs (see Problem 12.9). 


Br PSt Br N; PSt Ns 
NaN; TPA, Cu(1) 
=n ose 
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Scheme P12.8.2 Outline for synthesis of 1st generation dendrimers with miktoarm compositions consisting 
of PSt, PtBA, and PAA. (Adapted from Whittaker, Urbani, and Monteiro, 2006.) 
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Figure 12.18 Examples of azidofuntionalized trithiocarbonate and dithioester type RAFT chain transfer 
agents : 2-dodecy]-sulfanylthiocarbonylsulfanyl-2-methyl-propionic acid 3-azidopropyl ester (XID) and 
4-cyano-4-methy]-4-thiobenzoylsulfanyl-butyric acid 3-azidopropy] ester (XIII). (Gondi et al., 2007). 


Problem 12.9 (a) Describe the methods of synthesis of the new azido functionalized CTA, (XID and 
(XIII). (b) Show how these CTAs can be used to synthesize functional telechelic product by combined 
RAFT polymerization and click chemistry. Consider for the discussion a specific case of the synthesis of an 
a, w-telechelic copolymer having OH group at each end and consisting of polystyrene (PSt) and poly(N,N- 
dimethhylacrylamide) (PDMA) blocks of approximately 50 and 90 monomer units, respectively. 


Answer: 


(a) Trithiocarbonate RAFT agents are more active than dithioester type RAFT agents. The azido RAFT 
agent (XID, which is a trithiocarbonate, namely, 2-dodecylsulfanylthiocarbonylsulfanyl-2-methy]l-propionic 
acid 3-azido-propyl ester, can be prepared (Gondi et al., 2007) by mixing together (at room temperature, 
for 3 h) CH2Cl solutions of 3-azido-propanol, triethylamine, and 2-dodecylsulfanyl-thiocarbonylsulfanyl-2- 
methylpropionic acid chloride (DMP-Cl), while the latter can be prepared by reacting 2-dodecylsulfanylthio- 
carbonylsulfanyl-2-methyl-propionic acid (DMP) in CHCl» solution with oxalyl chloride at room tem- 
perature for 3 h. The other azido RAFT agent (XIII), which is a dithioester, namely 4-cyano-4-methyl- 
4-thiobenzoylsulfanyl-butyric acid 3-azidopropyl ester, can be prepared (Gondi et al., 2007) by mixing 1- 
hydroxybenzotriazole and 1-ethyl-3-(3’-dimethylaminopropyl) carbodiimide with 4-cyano-4-((thiobenzoyl) 
sulfanyl) pentanoic acid (Thang et al., 1999) in CH»Cly solution at 0°C for 30 min and then reacting with 
3-azidopropanol at room temperature for 48 h. 


(b) Either of the azido functionalized CTAs, (XII) or (XUD, along with AIBN can be used. Employing a 
large molar ratio of CTA to AIBN, e.g., 50:1, so that contribution of the initiator (AIBN) to polymeric chain 
formation can be neglected, [St]/[CTA] ~ 50 can be used to closely satisfy the target DP ~ 50 for the PSt 
block at nearly complete conversion of monomer by RAFT polymerization at 80°C. Scheme P12.9.1 shows 
the reaction with CTA (XII). The polymer obtained at this stage, viz., N3-PSt, can be employed as macro 
CTA for polymerization of DMA with a molar ratio such as [DMA] : [PSt-macro CTA] : [AIBN] = 200 
: 1: 0.05 at 80°C in DMF and the DMA conversion can be limited to 45% in order to reach the target 
DP of 90 for the PDMA block. The resulting precursor polymer (PSt-b-PDMA) carries 2-methylpropanoic 
acid 3-azido-propyl ester group on one end and a dodecylsulfanylthiocarbonylsulfanyl group on the other 
(Scheme P12.9.1). The latter may be converted to a hydroxy! group in a one-pot aminolysis Michael addition 
sequence (Scheme P12.9.2) carried out in THF, using butylamine as aminolysis agent and hydroxyethyl] 
acrylate (HEA) as Michael addition agent, yielding a-azido w-hydroxyl telechelic linear precursor. [Note: 
A small amount of a reducing agent, such as tris(2-carboxyethyl) phosphine hydrochloride (TCEP) may 
be added to the reaction mixture in order to suppress the undesired formation of dimer as a side reaction 
from the interpolymeric oxidative coupling of the thiol end groups into disulfides (Qiu and Winnik, 2006).] 
This precursor polymer may then be dissolved in DMF or DMSO and reacted with propargy! alcohol in the 
presence of CuBr/PMDETA at room temperature to introduce OH group at the a-end via CuAAC reaction 
(see Scheme P12.9.1). 
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Scheme P12.9.1 Synthesis of hydroxy-ended functional telechelic copolymer PSt-b-PDMA. 
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Scheme P12.9.2 Conversion of the trithiocarbonate end group of a RAFT polymer into colorless and stable 
thioether in a one-pot process combining (1) aminolysis of the trithiocarbonate function and (2) Michael 
addition of the formed thiol to an a,6-unsaturated carbonyl] derivative. 
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Traditionally, there are two main approaches for surface modification — one is the “grafting 
to” approach where a preformed, end-functionalized polymer is bound to an activated surface and 
the other is the “grafting from” approach where polymerization occurs on the surface via propaga- 
tion from a surface-immobilized initiator. Because the second approach affords a higher grafting 
density, this is generally preferred. Using a “grafting from” approach, Ranjan and Brittain (2008) 
performed surface modification of silica nanoparticles by generating high-density, well-defined 
polymer brushes on the silica surface via combined RAFT polymerization and click chemistry. 

RAFT polymerization with a “grafting from” approach can be performed in two different ways: 
(1) free radical initiator is anchored to the surface and is followed by surface initiated RAFT poly- 
merizatioon in the presence of RAFT CTA; (2) RAFT CTA is anchored to the surface and is 
followed by surface mediated RAFT polymerization in the presence of a free initiator. Baum 
and Brittain (2002) used the first option to modify flat silicate surfaces. However, mild reaction 
conditions that are dictated by the sensitive nature of the initiator group may limit the grafting 
density. Ranjan and Brittain (2008) therefore used the second option to modify the surface of 
silica nanoparticles. In this case, however, the selection of RAFT CTA for surface immobilization 
is crucial to the synthesis of well-defined polymer brushes. The immobilization can be performed 
by attaching the CTA to the backbone via either the leaving and reinitiating R group (R-group ap- 
proach) or the stabilizing Z group (Z-group approach). The R-group approach, however, is known 
to afford higher molecular weight and grafting density of the attached polymer, thus promoting 
more efficient ability to synthesize polymer brushes (Ranjan and Brittain, 2008). The grafting 
density can also be increased further by using the more reactive trithiocarbonate type RAFT CTA 
instead of the conventional dithioester type RAFT CTA. Though a silyl condensation reaction is 
commonly used to immobilize a RAFT CTA onto silica nanoparticles, immobilization can be per- 
formed with greater efficiency via click reaction between azide and alkyne (see Exercise Problem 
12.14 and answer in Solutions Manual). This, however, requires click functionalization of both 
silica nanoparticles and RAFT CTA — for example, azide-functionalization of silica nanopartiles 
and alkyne functionalization of RAFT CTA — in order to facilitate click coupling (Ranjan and 
Brittain, 2008). 

Though the high efficiency, orthogonality, and simplicity of CuAAC reactions have prompted 
rapid and extensive adoption of the method in the field of macromolecular engineering, the use 
of copper is undesirable and a cause of concern in the context of biomaterials synthesis. This has 
generated interest in new metal-free azide-alkyne cycloaddition reactions (discussed below) which 
do not suffer from toxicity issues. 


12.3 Strain-Promoted Azide-Alkyne Coupling 


While CuAAC is called a click reaction, its uncatalyzed counterpart, i.e., the traditional uncat- 
alyzed Huisgen 1,3-dipolar azide-alkyne cycloaddition, is not included into the suite of click chem- 
istry methods because of its reduced yields and demanding reaction conditions. As an alternative 
approach to lower the activation barrier for [3 + 2] cycloaddition, Codelli et al. (2008) employed 
the intrinsic ring strain of cyclooctynes. These highly strained alkynes (18 kcal/mol of ring strain) 
react selectively with azides to form regioisomeric mixtures of tetrazoles (see Fig. 12.4) at am- 
bient temperatures and pressure. More importantly, unlike CuAAC reactions which suffer from 
toxicity issues that have largely precluded their use for applications in vivo, the strain-promoted 
azide-alkyne cycloaddition (SPAAC) reactions, being metal-free, have no apparent cytotoxicity. 
Though nonactivated cyclooctynes react somewhat slowly with azides, incorporating electron- 
withdrawing groups on the ring leads to dramatically enhanced rates that are characteristic of 
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click reactions. For instance, the presence of a gem-difluorogroup adjacent to the strained alkyne 
(see Fig. 12.4) leads to 30-60 times faster reactions with azides, as compared to non-fluorinated 
cyclooctynes, and at a rate comparable to CuAAC (Codelli et al., 2008). Such activated SPAAC re- 
actions, showing high efficiency and fidelity, have been employed to label azides on biomolecules 
in complex lysates and on surfaces of living systems (where R = biomolecule in Fig. 12.4). It 
may be mentioned that because of its small size, diverse modes of reactivity, and bioorthogonality, 
azide is an ideal chemical reporter group for biomolecules. Azides can be incorporated into gly- 
cans, lipids, and proteins by various modes, such as via metabolic machineries, covalent inhibitors, 
and enzymatic transfers (Sletten and Bertozzi, 2008). 

Looked upon as a Cu-free click reaction with no apparent toxicity issues, the SPAAC reaction 
would appear to have a rich future. Still, the CuAAC reaction has the advantage of synthetic 
convenience due to the fact that terminal alkynes can be installed in biomolecules using simple 
building blocks, suh as commercially available alkynoic acids, while, in contrast, the synthesis 
of difluorinated cyclooctyne (DIFO) requires 12 steps and the overall yield is only about 1%. 
Synthetically tractable cyclooctynes having the reactivities of DIFO are therefore much needed in 
order to expand the use of this Cu free click reaction as an efficient and biocompatible tool (Codelli 
et al., 2008). 

Figure 12.19 shows a panel of DIFO reagents (XIV - XVI) for Cu-free click chemistry. In 
contrast to a first generation DIFO reagent (XIV) which possesses a C-O bond to a linker sub- 
stituent at C6, the second generation DIFO reagents, (XV) and (XVD, while retaining the DIFO 
core, possess a C-C bond to a linker substituent at C4, which dramatically simplifies the synthe- 
sis without affecting the kinetics or bioorthogonality of [3 +2] cycloaddition with azides. These 
synthetically tractable second-generation DIFO reagents should facilitate greater application of 
copper-free SPAAC reactions, especially in biological settings. 

While biomolecules labeled with azide can be detected through SPAAC using cyclooctyne as 
a probe, the intrinsic hydrophobicity of simple cyclooctynes can reduce bioavailability. Sletten 
and Bertozzi (2008) thus reported the synthesis and evaluation of a novel azacyclooctyne, 6,7- 
dimethoxyazacyclo-oct-4-yne (DIMAC), reagent. Synthesized in nine steps beginning with methyl 
6-bromoglucopyranoside, the DIMAC reagent (XVII) has been demonstrated to react with azide- 
labeled proteins and cells similarly to cyclooctynes. However, its superior polarity and water 
solubility lead to reduction of non-specific binding and improvement of azide detection sensitivity 
(Sletten and Bertozzi, 2008). 
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Figure 12.19 Structures of some cyclooctyne derivatives used in Cu-free click chemistry. (XIV) first gen- 
eration cyclooctyne; (XV) and (XVI) second generation cyclooctynes; (XVID 6,7-dimethoxyazacyclooct- 
4-yne. (Codelli et al., 2008; Sletten and Bertozzi, 2008.) 
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12.4 Diels-Alder Click Reactions 


The Diels-Alder (DA) reaction, a [4+2] system, generally consists of coupling of a diene and a 
dienophile by intra- or intermolecular reaction. Its reliability, particularly of certain variants such 
as the furan-maleimide and anthracene-maleimide DA reaction, has included it in the pantheon of 
click chemistry reactions. As opposed to the majority of click reactions that create new carbon- 
heteroatom bonds, traditional DA reactions rely on carbon-carbon bond formation between dienes 
and electron-deficient dienophiles (see Fig. 12.4c). Recently, DA reaction based on the macro- 
molecular chemistry has attracted much attention, particularly for synthesis of new materials. It 
has been demonstrated that a variety of structures can be synthesized using diene and dienophile- 
functionalized polymers. Thus, furan-maleimide- and anthracene-maleimide-based DA “click re- 
actions” (Fig. 12.20) have been used as novel route to prepare well-controlled and structured 
polymers in the synthesis of alternating (Kamahori et al., 1999), block (Durmaz, Karatas, Tunca, 
and Hizal, 2006; Durmaz, Colakoclu, Tunca, and Hizal, 2006), and graft (Gacal et al., 2006) 
copolymers, stars (Dag et al., 2007; Dag et al., 2009; Durmaz, Karatas, Tunca, and Hizal, 2006), 
dendrimers (McElhanon and Wheeler, 2001; Kose et al., 2008; Morgenroth et al., 1997; Szlai et 
al., 2007), and other highly congested macromolecular architectures. Other applications of DA 
click reactions in materials synthesis include immobilization of unsaturated DNA strands onto 
maleimide-coated Au nanoparticles (Proupin-Perez et al., 2005), surface binding of proteins and 
cell-adhesion ligands (Yeo et al., 2003), and synthesis of polymeric thioxanthone photoinitiators 
(Gacal et al., 2008). 

While the DA cycloaddition “click reaction”, like the classical CuAAC “click reaction”, has 
been successfully used, as mentioned above, in the generation of a variety of well-defined poly- 
meric architectures, including block copolymers, graft polymers, and star polymers, both of the 
strategies have characteristics that may prove to be problematic in certain applications. For 
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Figure 12.20 Diels-Alder click reactions of maleimide with (a) furan and (b) anthracene. 
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Figure 12.21 Hetero-Diels-Alder (HDA) reaction between diene and electron-deficient dithioesters in the 
RAFT-HDA approach to make block copolymers. 


example, just as CuAAC would have the requirement of a purification stage (to remove Cu) in 
the development of materials destined for biomedical applications, the high temperatures required 
for some DA click reactions make it unsuitable for use in forming polymeric conjugates from 
thermally unstable compounds. Both techniques also require that the compounds to be “click” 
joined are prefunctionalized with the appropriate complementary moieties in addition to those re- 
quired for performing the controlled/living (CRP) polymerization. An alternative strategy was, 
therefore, put forth by Sinwell et al. (2008) for synthesizing polymer conjugates, which involved 
hetero-Diels-Alder (HDA) cycloaddition in combination with RAFT chemistry. In this process, 
RAFT controlling agents having thiocarbonyl functionality and bearing electron-withdrawing Z- 
groups were sequentially used, first for the CRP and then as a reactive heterodienophile in a HDA 
cycloaddition with an appropriate diene (Fig. 12.21). It was shown that the tendency of electron- 
deficient dithioesters to undergo HDA cycloadditions could be successfully used to yield modular 
block copolymers from dissimilar monomer families (Sinwell et al., 2008; Inglis et al., 2009) and 
star-block copolymers (Inglis et al., 2008; Sinwell et al., 2009), which are elaborated below. While 
reactions with linear dienes proceed to high conversion in a few hours at 50°C, cyclopentadienes 
react almost instantaneously at room temperature (Inglis et al., 2009). Depending on sufficient 
availability of chain transfer agents with electron-withdrawing Z groups, this RAFT-HDA ap- 
proach can have potential similar to that of the ATRP-CuAAC combination for the synthesis of 
well-defined macromolecular architectures. 

For using DA [4+2] cycloaddition reaction in the click chemistry modular approach for the 
preparation of polymers with different composition and topology — ranging from linear block 
copolymers to nonlinear macromolecular structures (graft, star, miktoarm star, H-type, dendrimer, 
dendronized polymer, and network system) — polymers with anthracene or maleimide functional 
end-groups are prepared separately using living polymerization techniques and then linked cova- 
lently together or with maleimide or anthracene functional organic compounds (functional agents) 
via these functional groups. These end-group functionalities can be introduced into polymer chain 
through the use of an anthracene or maleimide functionalized initiator for the polymer synthe- 
sis or by post-polymerization modification reactions. Several such functionalized initiators and 
functional agents reported in the literature are shown in Fig. 12.22. 


12.4.1 Copolymer Synthesis 


A wide range of functionality may be introduced into a polymer chain using a heterofunctional 
initiator if one or more of the functional groups remain intact during the polymerization. This 
has made it possible, as we have seen in the preceding chapter, to synthesize well-defined block 
copolymers by a sequential two-step or one-pot polymerization method, without any chemical 
transformation or protection of initiating sites. Using this strategy, a number of block copolymers 
have been prepared by combination of different polymerization mechanisms, such as ATRP-NMP, 
ATRP-ROP, NMP-ROP, and ATRP-living cationic polymerization. On the other hand, the advent 
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Figure 12.22 Structures of some functional initiators (XVIID-(XXI) and post-polymerization functional- 
izing agents (XXII)-(XXIV). Source: (XVID: Mantovani, et al. (2005); (XIX): Mantovani, et al. 
(2005); (XX): Erdogan et al. (2002); (XXI): Tunca et al. (2004); (XXII): Oishi and Fujimoto (1992); 
(XXIII): Oishi and Fujimoto (1992); (XXIV): Lei and Porco (2004). (Note: For methods of synthesis 
of these special compounds refer to answers in Solutions Manual to Exercise 12.16.) 


of click chemistry has opened up alternative routes for the preparation of block copolymers. One of 
the routes, as we have noted previously, is based on click reactions between azides and alkynes or 
nitriles, whih have been applied successfully for the preparation of PSt-b-PMMA, PEG-b-PMMA, 
and PEG-b-PSt block copolymers, using azide- and alkyne-end functionalized homopolymers pre- 
pared by ATRP. A second strategy, we consider below, is based on DA reaction, [4+2] system, 
which has been used for the preparation of linear block copolymers containing PEG, PSt, PMMA, 
or PfBA blocks, graft copolymers (PSt-g-PEG) and (PSt-g-PMMA), star polymers with PEG, 
PMMA and PtBA homopolymer arms, star-block containing PEG-b-PSt-b-P#BA arms, and het- 
eroarm H-shaped terpolymers (PSt)(PtBA)-bp-PEO-bp(P1BA)(PSt). These syntheses have been 
achieved via DA reaction of maleimide- and anthracene-end functionalized polymers. While such 
end-functionalized PSt, PMMA, or P#BA polymers are directly prepared by polymerization via 
ATRP or NMP routes utilizing functionalized initiators, maleimide and anthracene functionalities 
are introduced into PEG by esterification of monohydroxy PEG with carboxylic acid derivatives 
containing maleimide and anthracene moieties. For example, maleimide-end functionalized PSt, 
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PMMA, and P7BA can be obtained directly by ATRP of respective monomers using (XVIII) or 
(XIX) (see Fig. 12.22) as the initiator. Similarly, anthracene-end functionalization can be achieved 
by using (XX) as the ATRP initiator (Durmaz, Colakoglu, Tunca, and Hizal, 2006), while the use of 
(XXD) as initiator facilitates both NMP and ATRP, yielding a di-block copolymer with anthracene 
functionality in between the blocks. On the other hand, maleimide-end functionalized PEG can be 
obtained by esterification of monohydroxy PEG with (XXII) or (XXIII), while esterification with 
(XXIV) leads to anthracene-end functionalized PEG. These methodologies are further elaborated 
below with the help of several worked out examples. 


Problem 12.10 Discuss how the following block copolymers can be prepared via Diels-Alder reaction of 
maleimide- and anthracene-end functionalized polymers : (a) PMMA-b-PSt, (b) PEG-b-PSt, (c) PtBA-b-PSt, 
and (d) PMMA-b-PEG block copolymers. 


Answer: 


(a) Maleimide-end functionalized PMMA (PMMA-MI) with controlled molecular weight and low polydis- 
persity is prepared by ATRP of MMA in toluene with (XVIID) as initiator in the presence of CuCl/PMDETA 
catalyst at 40°C for 3-4 h. The polymerization mixture, diluted with THF, is passed through a basic alumina 
column to remove the catalyst and then precipitated in methanol. 


Anthracene end-functionalized PSt (PSt-AN) is prepared by ATRP of St with (XX) as initiator in the 
presence of CuBr/PMDETA catalyst at 110°C for 45 min, giving 14% conversion in 45 min (Durmaz et al., 
2006). (Low conversion ensures high chain end functionality.) The polymerization reaction mixture is treated 
as above. 


For the preparation of PMMA-b-PSt copolymer via DA reaction [Scheme P12.10.1(a)] a solution of 
PMMA-MI and PSt-AN in toluene is refluxed for 120 h. The efficiency of block copolymerization by this 
DA reaction is reported to be 98.5% (Durmaz, Colakoglu, Yunca, and Hizal, 2006). 


(b) Maleimide end-functionalized PEG (PEG-MI) can be prepared by esterification of monohydroxy PEG 
(e.g., ethylene glycol monoethy! ether) with 4-maleimido-benzoylchloride (XXII), which is added dropwise 
to a solution of PEG in THF in the presence of Et3N at 0°C and then stirred for 12 h at room temperature. 
PEG-MI is obtained as a viscous yellow oil. Alternatively, furan-protected maleimide end-functionalized 
PEG (PEG-FMI) is prepared by reacting PEG with (XXII) for 12 h at room temperature in the presence 
of N,N’-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP). The product PEG-FMI 
is obtained as a white solid in 80% yield (Dag et al., 2008). (Retro-DA reaction of PEG-FMI is carried 
out in situ in toluene at 110°C to give the deprotected maleimide functionality during the subsequent block 
copolymerization stage.) 


Preparation of PEG-b-PSt copolymer is carried out by DA reaction of PEG-MI (or PEG-FMI) and PSt- 
AN [Scheme P12.10.1(b)]. The two end-functional polymers are dissolved in toluene and the solution is 
refluxed for 48 h under nitrogen. The efficiency of this block copolymerization (DA reaction) is reported to 
be 97.5% (Durmaz et al., 2006). 


(c) Anthracene end-functionalized PEG (PEG-AN) is made by reacting monohydroxy PEG with (XXIV) in 
CH2Cl solution at room temperature for 12 h in the presence of dimethylaminopyridine (DMAP), dimethy- 
laminopyridinium 4-toluenesulfonate (DPTS) and DCC. To prepare PMMA-b-PEG block copolymer via DA 
reaction [Scheme P12.10.1(c)], a solution of this PEG-AN and PMMA-MI in toluene is refluxed for 120 h 
at 110°C. The efficiency of this block copolymerization (DA reaction) is reported to be 93% (Durmaz et al., 
2006). 


Problem 12.11 | Anthracene-maleimide-based DA click reaction provides a novel route to prepare well- 
defined graft copolymers. Suggest synthetic strategies involving this reaction to prepare well-defined (a) 
PSt-g-PEG and (b) PSt-g-PMMA copolymers. 
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Answer: 


As mentioned earlier, graft copolymers can be obtained with three general methods, namely, (i) grafting- 
onto, in which side chains are preformed and then attached to the backbone; (ii) grafting-from, in which 
the monomer is grafted from the backbone; and (iii) grafting-through, in which the macromonomers are 
copolymerized. For availing the anthracene-maleimide-based DA reaction to prepare PSt-g-PEG and PSt- 
g-PMMA graft copolymers, Gacal et al. (2006) used the second method (Scheme P12.11.1) by preforming 
maleimide end-functionalized branches (PEG or PMMA) and creating anthracene functionality on the main 
chain (PSt). 
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Scheme P12.10.1 Diels-Alder ‘click’ reactions in the synthesis of (a) PMMA-b-PSt, (b) PEG-b-PSt, and (c) 
PMMA-b-PEG copolymers. (Adapted from Durmaz, Colakoglu, Tunca, and Hizal, 2006.) 
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Scheme P12.11.1 Schematic presentation of grafting process by Diels-Alder click reaction. (Adapted from 
Gacal, Durmaz, Tasdelen, Hizal, Tunca, Yagci, and Damirel, 2006.) 
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Scheme P12.11.2 Incorporation of anthryl moieties in PSt-co-CMS copolymer by etherification of chlorome- 
thyl group. (Drawn following the synthesis method of Gacal, Durmaz, Tasdelen, Hizal, Tunca, Yagci, and 
Damirel, 2006.) 


To prepare PEG-maleimide (PEG-MI), PEG methyl ether (Me-PEG) is reacted with (XXII) in the pres- 
ence of DCC and DPTS (see Problem 12.10) in CH2Cl2 solution at room temperature for 12 h. On the other 
hand, PMMA-maleimide (PMMA-MDI) is prepared by ATRP of MMA in toluene using (XVIII) as the ini- 
tiator and Cu(1)Cl/PMDETA catalyst system. After the polymerization at 40°C for 3 h, the reaction mixture 
is passed through a basic alumina column to remove the catalyst and precipitated into hexane to recover the 
polymer (PMMA-MI). 


According to the method used by Gacal et al. (2006) to obtain PSt with anthryl pendant groups (PSt- 
AN), St, and 4-chloro-methyl styrene (CMS) (which is a functionalizable monomer) are copolymerized and 
anthracene functionality is attached to the formed (random) copolymer by an etherification procedure, as 
shown in Scheme P12.11.2. Thus, poly(styrene-co-chloromethylstyrene), P(St-co-CMS), copolymers con- 
taining desired amounts of CMS moieties, are prepared via NMP of St and CMS at 125°C, while for etheri- 
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fication of the chloromethyl group, the St-CMS random copolymer (1.0 equiv CMS) is reacted (in the dark) 
with 9-anthrylmethanol (1.1 equiv)/sodium hydride (1.1 equiv) in THF under reflux for 12 h. The product, 
PSt-co-CMS with anthryl pendant groups (denoted as PSt-AN) is recovered by precipitation into methanol. 
For the preparation of graft copolymer via DA reaction of PEG-MI and PSt-AN, a solution of PEG-MI (1.1 
equiv) and PSt-AN (1.0 anthracene equiv) in toluene is refluxed for 48 h at 110°C in the dark. The product, 
PSt-g-PEG, is purified by precipitation into methanol from solution in THF. The copolymer PSt-g-PMMA is 
obtained via DA reaction of PMMA-MI and PSt-AN in a similar way. 


Problem 12.12 Durmaz, Karatas, Tunca, and Hizal (2006) synthesized a compound, (XXT) (Fig. 12.22), 
having an anthracene functionality as also a NMP site and an ATRP site. Show how through combination of 
the DA click reaction, ATRP, and NMP, an ABC type miktoarm star terpolymer with PEG, PSt, and PtBA 
arms [where PSt = polystyrene, PtBA = poly(tert-buty] acrylate), and PEO = poly(ethylene oxide)] can be 
synthesized. 

Answer: 

In the method reported by Durmaz et al. (2006), DA reaction is first carried out between PEG-MI precur- 
sor (prepared as in Problem 12.11) and the compound (XXT) by refluxing in THF for 48 h (95% conver- 
sion). This results in the formation of a maleimide-anthracene adduct having appropriate functionl groups 
for SFRP/NMP and ATRP. In the second step, the previously obtained adduct is used as a macroinitiator for 
SFRP of St at 125°C for 15h (85% conversion). In the third step, this PEG-PSt precursor with a bromine 
functionality in the core is employed as a macroinitiator for ATRP of tBA in the presence of Cu()Br and 
PMDETA (Fig. 11.17) at 80°C to give ABC type miktoarm star terpolymer core-(PEG)(PSt)(P#BA) (see 
Scheme P12.12.1). 


12.4.2 Thermoresponsive Systems, Dendrons, and Dendrimers 


One of the interesting characteristics of the DA reaction is the thermal reversibility of some of 
the DA adducts, repetitively regenerating the original reactants. The reversible DA reaction be- 
tween substituted furans and maleimides (Fig. 12.23) is one of the most often used in the prepa- 
ration of thermally responsive polymers. This is primarily due to ease of the furan-maleimide 
adduct formation and dissociation. The adduct formation typically occurs at room temperature, 
exhibiting fast kinetics and high yields, while adduct dissociation (retro-DA or rDA) occurs in 
solution at temperatures above 60°C (Kwart and King, 1968). This attribute has led to the de- 
velopment of a methodology for protecting the reactive maleimide during polymerization and 
other transformations that may be affected by its presence. This maleimide can be protected (or 
masked) by forming a cyclic adduct with furan, while a furan-protected maleimide group is easily 
deprotected (unmasked) through cycloconversion simply by increasing the temperature (usually 
above 90°C ). Under proper conditions, this retro-DA reaction occurs with virtually 100% ef- 
ficiency. Thermoreversible crosslinked materials have thus been designed via furan-maleimide 
chemistry. In fact, most of the approaches to date towards fabrication of self-healing materials 
have relied on crosslinking of polymers containing furan side chain with bis-maleimide contain- 
ing small molecules serving as cross-linkers (Fig. 12.24). Alternatively, polymers appended with 
maleimides could be reacted with polymers or smaller molecules containing multiple furan units 
to obtain thermoreversible crosslinked materials. The thermoreversibility can be tuned by chang- 
ing the diene or the dienophile. For example, the use of anthracene as a diene with maleimide 
dienophile results in adducts that undergo cycloreversion over 200°C. Hence, high yielding stable 
conjugation can be achieved using the combination of anthracene and maleimide. 
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Scheme P12.12.1 Miktoarm star terpolymer, core-(PEG)(PSt)(PtBA), formed by maleimide-anthracene DA 
reaction of PEG-MI, NMP of St and ATRP of tBA using (XXD as the core. (Adapted from Durmaz, Karatas, 
Tunca, and Hizal, 2006.) 


It should be noted that although no distinction is made between the endo and exo stereoisomers 
(Fig. 12.25) of furan-maleimide adduct (assuming that their thermal behavior is at least similar 
if not equal), differences in thermal reversibility ((DA, DA) can have an important influence on 
the material properties, especially in the case of thermoremendable polymers and networks. For 
instance, by breaking only the covalent bonds of the endo DA-isomers inside the network under 
mild conditions and reforming them in a less stressed state, stresses can be relaxed. Important 
material properties such as durability, adhesion to other materials, appearance of micro-voids and 
micro-cracks, etc., can be improved (Canadell et al., 2010). 

The reversibility of the furan-maleimide DA reaction is responsible for its extensive use in a 
wide variety of thermoremendable polymers and networks, ranging from self-healing (Chen et al., 
2003), nonlinear optical (Haller et al., 2004; Kim et al., 2006), hydrogel (Chujo et al., 1990), and 
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Figure 12.23 Diels-Alder and retro-Diels-Alder reaction sequence. 
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Figure 12.24 Synthetic approaches to self-healing crosslinked materials. (From Sanyal, 2010. With permis- 
sion from John Wiley & Sons, Inc.) 


interpenetrating network materials (Imai et al., 2000) to nanoscale lithography (Gotsmann et al., 
2006). Furan-maleimide adducts have also been integrated into thermally cleavable encapsulants, 
foams, and surfactants (McElhanon et al., 2002; 2005) and have been used for the synthesis of 
thermally labile dendrons and dendrimers (Szalai et al., 2007). A few such examples reported in 
the literature are cited here. 

McElhanon, McGrath, and coworkers (McElhanon et al., 2001; Szalai et al., 2007) reported 
the preparation and initial investigations of thermally responsive symmetrical dendrimers based 
on furan-maleimide DA reactions (Fig. 12.26). This represented the first covalent thermally re- 
versible design strategy in a dendritic system. Benzyl aryl ether dendrons and dendrimers con- 
taining thermally reversible furan-maleimide DA adducts were prepared up to the third generation 
(McElhanon and Wheeler, 2001). A convergent approach was employed which involved prepar- 
ing dendrons with substituted furan-maleimide DA adducts located at the dendron focal point. The 
process required a disubstituted furan that could serve as an AB2 monomer and an N-substituted 
maleimide with a reactive hydroxyl focal point. The convergent approach used by Szalai et al. 
(2007) for synthesizing thermally labile DA dendrimers was based on reacting appropriately func- 
tionalized furan dendrons with a multifunctional maleimide. In the process, first through fourth 
generation benzyl aryl ether based dendrons that contained furan moieties at their focal point were 
allowed to react with bismaleimide central linker to provide the corresponding dendrimers (Fig. 
12.26). The thermally activated disassembly of these dendrimers was demonstrated by heating 
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Figure 12.25 Furan-maleimide DA adducts (endo and exo) formation and dissociation. The adduct formation 
typically occurs at room temperature and adduct dissociation occurs at elevated temperatures (> 90°C). 


them to 110°C, while slow recombination of the disassembled dendrons was accomplished upon 
thermal treatment. 

To obtain segment block dendrimers, Kose et al. (2008) utilized Fréchet type dendrons ap- 
pended with electron rich furan at the focal point and a complementary set of polyester dendrons 
containing the electron deficient maleimide group at the focal point. Combination of these two 
complimentary dendrons was accomplished by heating in benzene to obtain thermoresponsive 
segment block dendrimers in good yields (Fig. 12.27). The dendrimers fell apart upon heating 
them to 110°C. 
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Figure 12.26 Synthesis of thermoreversible symmetrical dendrimers via furan-maleimide DA cycloaddition 
reactions. (From Sanyal, 2010. With permission from John Wiley & Sons, Inc.) 
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Figure 12.27 Synthesis of thermoresponsive segment-block dendrimers via furan-maleimide DA cycloaddi- 


tion reaction. 
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Figure 12.28 Synthesis of dendronized polymers via rDA/DA sequence. (Adapted from Sanyal, 2010.) 


Since anthracene and maleimide form high yielding stable adducts (with cycloreversion tem- 
perature over 200°C), this combination of diene and dienophile was utilized for the synthesis of 
dendronized polymers via DA reaction (Tonga et al., 2010). Thus, as shown schematically in 
Fig. 12.28, polymer appended with anthracene groups was reacted with dendrons containing furan 
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protected (masked) maleimide groups at their focal points by refluxing in toluene. At such high 
temperatures, the retro-DA takes place, thereby deprotecting (unmasking) the reactive maleimide 
group, which reacts in situ with the anthracene moiety of the copolymer via [4 +2] cycloaddition 
reaction resulting in dendron-grafted polymer. 


12.4.3 Hetero-Diels-Alder (HDA) Cycloaddition 


As we have noted previously, HDA reaction of dienes with terminal thiocarbonylthio groups on 
RAFT-generated polymers provide the basis of an alternative strategy (Sinnwell et al., 2008) for 
synthesizing polymer conjugates using RAFT chemistry. Here, chain transfer agents (CTAs) bear- 
ing electron-withdrawing Z-groups [benzyl (diethoxyphosphory]) dithioformate and benzylpyridin- 
2-yldithioformate] were used in such a way that the thiocarbonyl functionality of the CTAs was 
sequentially used for the CRP/LRP and as a reactive heterodienophile in a HDA cycloaddition with 
an appropriate diene, thereby opening a pathway for the synthesis of modular block copolymers 
and star block copolymers. The HDA cycloadditions are facilitated by the use of a catalyst which 
enhances the electron-withdrawing nature of the RAFT Z-group (Inglis et al., 2008). The catalysts 
are selected on the basis of the nature of their interaction with the RAFT Z-group. Thus, in the 
case of the phosphoryl Z-group, ZnCl, is used as the catalyst as it chelates with the oxygen on the 
phosphiny] group, while in the case of the pyridinyl Z-group trifluoroacetic acid (TFA) is used as 
the catalyst, since the H* from it protonates the nitrogen on the pyridinyl group. 


Problem 12.13 The combination of RAFT chemistry and the HDA cycloaddition provides a simple and 
synthetically nondemanding pathway to well-defined macromolecular star-shaped architectures. In support of 
this contention describe the synthesis of polystyrene (PSt) star polymers with up to 4 arms using the aforesaid 
two different RAFT end groups, namely, diethoxy-phosphoryldithioformate and pyridin-2-yldithioformate, 
and HDA coupling reactions. 


Answer: 


Inglis et al. (2008) used a variant of the “coupling onto” method of star polymer synthesis, as shown in 
Schemes P12.13.1 and P12.13.2. Thus, RAFT polymerization of St using controlling agents bearing the 
electron-withdrawing Z-group, benzyl (diethoxyphosphory]) dithioformate and benzylpyridin-2-yldithioform- 
ate, results, respectivly, in diethoxyphosphoryldithioformate and pyridin-2-yldithioformate-terminated PSts 
(Scheme P12.13.1). When these polymers are submitted to HDA reaction with multidiene coupling agents 
bearing 2, 3, or 4 diene functional groups, 2-arm star, 3-arm star, and 4-arm star polymers are obtained 
(Scheme P12.13.2). 


According to the methods reported by Inglis et al. (2008), the RAFT polymerization is performed by 
heating a solution of styrene, RAFT agent (P13-I) or (P13-II), and AIBN under nitrogen at 60°C for 9 h. 
The reaction is stopped at low monomer conversion to ensure a high RAFT end-group concentration. Linear 
PSts, namely, (P13-IID) and (P13-IV) are obtained with number average molecular weights of 3600 and 3500 
g mol~!, respectively, and low polydispersity indices (PDI) of 1.10 and 1.15, respectively. 


For synthesis of star polymers by HDA cycloaddition of (P13-IID, for which Z is diethoxyphosphoryl, 
with multifunctional coupling agent (P13-V), a solution of (P13-IID), (P13-V) corresponding to 1.0 equiv 
of diene, and 1 equiv of ZnCl, in chloroform is kept at 50°C for 24 h. A similar process is used for HDA 
cycloaddition of (P13-IV) with (P13-V), except that 1.2 equiv of TFA is used as the catalyst. The RAFT 
agents, (P13-I) and (P13-II), adequately control the polymerization of St in addition to being effective het- 
erodienophiles, thus fulfilling both purposes. 


The multifunctional coupling agents (P13-V), m = 2,3, and 4, are obtained by etherification of the corre- 
sponding bromomethylbenzenes with trans, trans-2,4-hexadien-1-ol (Scheme P12.13.3). 
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Scheme P12.13.1 Polymerization of styrene with benzyl (diethoxyphosphoryl) dithioformate (P13-I) and 
benzyl pyridin-2-yldithioformate (P13-II) used as RAFT chain transfer agents. (After Inglis et al., 2008. 
With permission from American Chemical Society.) 
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Scheme P12.13.2 Formation of 2-arm, 3-arm, and 4-arm star polymers with PSt arms via HDA cycloaddi- 
tions of RAFT polymers with dienes. (After Inglis et al., 2008. With permission from American Chemical 
Society.) 
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Figure 12.29 Synthesis of cyclopentadienyl-terminated polystyrene. Step 1: ATRP of St with 
Ce6H5CH(Br)CH;3 as initiator and Cu(I)Br/PMDETA as catalyst. Step 2: treatment with NaCp (2.0 M 
in THF) at 0°C to room temperature. (Drawn following the synthesis method of Inglis et al., 2009.) 
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Scheme P12.13.3 Synthesis of multi-diene coupling agents carrying 2, 3, and 4 diene groups. (Drawn 
following the synthesis method of Inglis et al., 2008.) 


While the CuAAC reaction generally requires reaction times of several hours at temperatures 
ranging from ambient to 50°C, the HDA cycloaddition between electron-deficient dithioesters and 
trans,trans-2,4-hexadien-1-ol performed at 50°C in the presence of catalysts usually takes between 
2 and 24 h to achieve completion. Inglis et al. (2009), however, demonstrated a dramatic reaction- 
rate improvement of the RAFT-HDA click reaction through the use of novel cyclopentadienyl- 
functionalized polymers. Thus polystyrene prepared by ATRP and bearing a terminal bromine 
substituent was treated with sodium cyclopentadienide (NaCp) in THF to achieve a complete sub- 
stitution of the bromine atom with a cyclopentadienyl moiety (Fig. 12.29), while commercially 
available poly(ethylene glycol) monomethylether was equipped with a cyclopentadienyl end group 
through nucleophilic substitution of a tosylated intermediate (Fig. 12.30). These were reacted 
with (P13-II) and (P13-IV) in chloroform at ambient temperature and pressure resulting in block 
copolymers. The reaction was found to be complete within 10 min without the addition of catalyst. 
This difference was attributed to the high Diels-Alder activity of the cyclopentadienyl end group. 
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Figure 12.30 Synthesis of cyclopentadienyl-terminated poly(ethylene glycol) (PEG). Step 1: treatment 
with p-toluenesulfonyl chloride (TsCl) in pyridine at room temperature. Step 2: treatment with NaCp (2.0 
M in THF) at 0°C to room temperature. (Drawn following the synthesis method of Inglis et al., 2009.) 


12.5 Thiol-Ene Reactions 


Though tremendous success has been achieved with the development of Cu(I)-mediated Huisgen 
1,3-dipolar cycloaddition reaction of azides and acetylenes as a robust and efficient synthetic tool, 
it has several limitations which include the need for a metal catalyst, an inability to photochemi- 
cally control the reaction or to conduct the reaction in the absence of solvent. In comparison, the 
century-old addition of thiols to alkene (the hydrothiolation of a C=C bond), which is currently 
called thiol-ene coupling (TEC), has many of the attributes of click chemistry without, however, 
some of the aforesaid disadvantages of the CuAAC reaction. 

It should be noted that the TEC reaction with alkenes can give either of two possible products 
corresponding to Markovnikov (a-product) or anti-Markovnikov ($-product) addition : 


R R 
R-SH e == LAr OS 


(B-product) (-product) 


However, thiol-ene addition forming 6-products usually predominates. Hence only this addition 
will be considered in further discussions on TEC reactions. The TEC reaction ocurs by either 
radical or nucleophilic mechanisms (see Fig. 12.4), depending on the reaction conditions and the 
unsaturated substrates. 

The user-friendliness of the TEC reaction is readily apparent as moisture and air do not need 
to be excluded, expensive transition metal catalysts are unnecessary, a wide variety of functional 
groups and solvents (including water) are well tolerated, and high yields and clean products re- 
quiring only simple purification are common. Another attribute of the TEC reaction is that the 
reaction enables the establishment of a robust ligation motif between substrates by virtue of the 
stability of the thioether linkage in a wide range of chemical environments, such as strong acid 
and basic media as well as oxidizing and reducing conditions. Moreover, like the classic reac- 
tion between azides and alkynes where the starting materials can be easily prepared (e.g., facile 
conversion of alkyl halides to azides by displacement using NaN3), the wide availability and as- 
sociated stability of the thiol and alkene starting materials offers a number of advantages from a 
synthetic viewpoint. Thus, in addition to the range of commercially available thiols, including 
cysteine-containing peptides, many compounds such as alkyl halides, alcohols, RAFT CTAs, and 
even alkenes can be readily converted to thiols (David and Kornfield, 2008). It may be recalled 
that the a-terminus of a (co)polymer chain made by RAFT polymerization is chemically identical 
to the R-group (assuming no undesirable side reactions) of the RAFT CTA, while the w terminus 
bears a thiocarbonylthio functional group, which undergoes facile cleavage to a thiol, typically 
with a primary or secondary amine (Xu et al., 2006). Sulfhydryl and alkenyl groups are also eas- 
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ily incorporated into polymer or monomer structures to enable postpolymerization modification. 
Over the years, the TEC reaction has therefore been extensively exploited in polymer chemistry. 

To carry out thiol-ene photoreactions between ene-functional polymer and thiol, a general 
procedure (Campos et al., 2008) consists of dissolving the polymer, 5-10 equiv of thiol (with 
respect to alkene), and 0.2 equiv of 2,2-dimethoxy-2-phenylacetophenone (DMPA) in a minimal 
amount of solvent and irradiation with a 365 nm UV lamp for 5-10 min under an inert atmosphere. 
The corresponding procedure for thiol-ene thermal reactions consists of dissolving the polymer, 
5-10 equiv of thiol (with respect to the alkene), and 0.5 equiv of AIBN in a minimal amount 
of solvent and heating at 80°C in the absence of air (Campos et al., 2008). (Note: Though 
TEC reactions do not require deoxygenation when performed under solvent-free conditions, the 
requirement for solubilization of polymer in an appropriate solvent necessitates removing oxygen 
to prevent oxygen inhibition of the radical initiator.) 


Problem 12.14 Discuss a possible method of synthesizing an asymmetric telechelic polymer based on 
polystyrene (DP ~50) with a carboxylic group at one end and a hydroxy! group at the other, using combined 
thiol-ene and CuAAC click reactions. 


Answer: 


An alkene-functional bromide-type initiator can be used to prepare by the ATRP method a telechelic polystyr- 
ene of desired DP having a single alkene at one end an a single bromine at the other chain end. Campos 
et al. (2008) used 9-decenyl-2-bromo-2-methylpropanoate (DBMP) as the ATRP initiator for this synthe- 
sis (Scheme P12.14.1). In a typical procedure (Campos et al., 2008), to a mixture of DBMP (1.7 mmol), 
PMDETA (1.70 mmol), styrene (0.170 mol), and chlorobenzene (65 mmol), is added 1.70 mmol of copper(I) 
bromide and the mixture is heated to 90°C for 15 h giving about 50% conversion of monomer in order to sat- 
isfy the DP requirement. The viscous liquid mixture is dissolved in CH2Cl2 and washed with water in order 
to remove all copper. The polymer (e-PSt-Br) is recovered by precipitation in methanol and is the reacted 
with 10-fold excess sodium azide in DMF solution at 70°C for 24 h to effect replacement (> 90%) of the 
bromine end unit with azide functionality. The resulting polymer, e-PSt-N3, is converted to HO2C-PSt-OH 
in two steps for which two synthetic pathways are possible, i.e., initial TEC followed by CuAAC of the azide 
group (Path A) or the reverse strategy where the CuAAC is followed by the TEC reaction (Path B). In a typi- 
cal procedure following Path A (Campos et al. 2008), e-PSt-N3 (0.08 mmol), thioglycolic acid (0.80 mmol, 
10 equiv), and AIBN (0.04 mmol, 0.5 equiv) are dissolved in benzene (2 mL) and heated to 80°C for 4 h, 
giving 83% yield of the polymer, HO2C-PSt-N3. Then, propargyl alcohol (0.20 mmol, 10 equiv), PMDETA 
(0.06 mmol, 3 equiv), and dry THF (1 mL) are added to HO2C-PSt-N3 (0.02 mmol) and copper(I) bromide 
(0.06 mmol, 3 equiv). The mixture is stirred at room temperature for 24 h to carry out the CuAAC reaction. 
The polymer, HO2C-PSt-OH, is freed of all copper by washing a CH2Cl» solution of the crude product with 
water and recovered by precipitation into methanol yielding a white solid (44% yield). Campos et al. (2008) 
found the thermally initiated TEC reaction to be completely orthogonal with the traditional CuAAC reaction 
allowing the individual chain ends to be quantitatively functionalized without the need for applying protec- 
tion/deprotection strategies. 


Although known since the first half of the last century, the radical-initiated thiol-yne reaction, 
which like the radical-mediated thiol-ene reaction can proceed extremely rapidly yielding products 
quantitatively under facile conditions, has been essentially overlooked in the polymer/materials 
field. However, researchers have recently began to evaluate this potentially highly versatile reac- 
tion. Thus, radical mediated thiol-yne step-growth polymerization as a route to highly crosslinked 
networks has been described (Fairbanks et al., 2009). Polysulfide networks formed via the pho- 
topolymerization of a range of alkyldithiols with a series of alkyldiynes have been studied (Chan 
et al., 2009) and, more recently, a sequential, quantitative nucleophilic thiol-ene/radical thiol-yne 
process was used for the synthesis of a range of branched structures with potential biomedical 
significance (Chan et al., 2009). 
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Scheme P12.14.1 Synthesis of HO2C-PSt-OH by ATRP, followed by azidation and combined TEC and 
CuAAC reactions. (Adapted from Campos et al., 2008.) 


Problem 12.15 Suggest a method for the synthesis of poly-N-isopropylacrylamide (PNIPAm) of low poly- 
dispersity and DP~50, having either (a) an ene or (b) a yne terminal. Describe the products that would result 
on performing radical thiol (RSH)-ene and radical thiol (RSH)-yne reactions on these end-functional poly- 
mers. 


Answer: 


Since the thiocarbonylthio end groups of the polymer produced by RAFT polymrization can be easily mod- 
ified to a variety of species including cleavage to a thiol (typically with a primary or secondary amine) that 
affords subsequent TEC reaction, it will be convenient to use the RAFT method to make PNIPAm of the 
desired DP. Yu et al. (2009) used 1-cyano-1-methylethyl dithiobenzoate (CPDB) as the RAFT CTA to make 
PNIPAm precursors to well-defined ene and yne terminal polymers, as shown in Scheme P12.15.1. The latter 
are used to carry out thiol-ene and thiol-yne reactions. 
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In a typical procedure (Yu et al., 2009), a mixture of NIPAm (133 mmol), CPDB (1.75 mmol), and AIBN 
(0.353 mmol), dissolved in DMF (10 g), is heated at 70°C for 48 h, after which the reaction is quenched 
by rapid cooling in liquid N2. (The polymerization is terminated early at about 67% monomer conversion 
in order to achieve the desired DP and to preserve the thiocarbonylthio end group as also to minimize the 
presence of terminated products derived from coupling reactions.) 


The dithiobenzoate end-group of the homopolymer, PNIPAm, obtained is modified in a one-pot pro- 
cess via primary amine cleavage followed by phosphine-mediated nucleophilic thiol-ene click reactions with 
either allyl methacrylate (ALMA) or propargyl acrylate (PROPA), yielding ene and yne terminal PNIPAm ho- 
mopolymers quantitatively. In a typical procedure (Yu et al., 2009), to make allyl end-functionalized PNIPAm 
(i.e., PNIPAm-S-ALMA), a mixture of PNIPAm (0.424 mmol), ALMA (5.0 mmol), dimethylphenylphos- 
phine (0.072 mmol), CH2Cl2, and octylamine (7.5 mmol) is stirred overnight at room temperature. The 
product, PNIPAm-S-ALMA, is recovered by precipitation into large excess of hexane, followed by dialy- 
sis against methanol. The synthesis of propargyl end-functionalized PNIPAm (i.e., PNIPAm-S-PROPA) is 
achieved following exactly the same protocol as for PNIPAm-S-ALMA. 
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Scheme P12.15.1 RAFT polymerization of NIPAm and subsequent end group modifications via tandem 


nucleophilic thiol-ene/radical thiol-ene and nucleophilic thiol-ene/radical thiol-yne reactions. (From Yu et 
at., 2009. With permission from John Wiley & Sons, Inc.,) 
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In a typical procedure for photochemical, radical thiol-ene and thiol-yne reactions (Yu et al., 2009), 
a mixture of PNIPAm-S-ALMA or PNIPAm-S-PROPA (0.2 g), 100% excess of target thiol (based on the 
molarity of “ene” or “yne”), benzil dimethyl ketal (Irganure 651) photoinitiator (15.0 mg) in an appropriate 
volume of THF is exposed to UV light (A = 350 nm) for 2 h. The sample is dialyzed against methanol. It 
should be noted that the thiol-ene and thiol-yne reactions yield mono and bis end-functionalized PNIPAm 
homopolymers, respectively (see Scheme P12.15.1). 


Over the years, the TEC reaction has been extensively exploited in polymer chemistry. The 
UV-induced crosslinking of unsaturated polymers (photocuring) by reaction with multifunctional 
thiols is employed in surface coating since it has a number of advantages over other curing meth- 
ods, especially those employing heavy-metal catalysts. Biomaterials for application in medicine, 
especially dentistry, have been prepared using this process (Carioscia et al., 2005; Dondoni, 2008). 
Only recently, however, has the click aspect of the TEC reaction been fully appreciated in the field 
of polymer science. Several promising results have been reported which suggest a significant role 
for thiol-ene chemistry as a new click reaction, which is compatible with water and oxygen and 
can be performed in the absence of solvent and under photochemical intiation. 

A real synthetic strength of the TEC reaction is its versatility with respect to ene substrates that 
can be used and include both activated and nonactivaed species such as norbornenes, (meth)acryl- 
ates, maleimides, and allyl ethers to name but a few (Yu et al., 2009). Recent examples de- 
scribing the application of the thiol-ene reaction in the polymer/materials field include the use 
in thioether dendrimer synthesis (Killops et al., 2008), convergent star synthesis (Chan et al., 
2008), synthesis of multifunctional branched organosilanes (Rissing and Son, 2008), and modifi- 
cation/functionalization of wide range of polymers (Justynska and Schlaad, 2004; Killops et al., 
2008). 


12.5.1 Mechanisms of Thiol-Ene Reactions 


The TEC reaction can be accomplished under a variety of experimental conditions, including 
acid/base catalysis (Li et al., 2008), nucleophilic catalysis (Chan et al., 2009), radical mediation 
(most commonly induced photochemically) (Dandoni, 2008), and via a solvent-promoted process 
(Tolstyka et al., 2008). However, the reaction is most commonly performed under radical media- 
tion where it is applicable to many substrates, or under nucleophilic mediation for activated enes 
where the process proceeds via an anionic chain process. 

The radical mediation of the thiol-ene reaction is brought about photochemically or via thermal 
decomposition of a radical initiator and the reaction is known to proceed by a radical mechanism 
to give a thioether, as shown in Fig. 12.31(A). Under nucleophile-initiated conditions, such as 
employing dimethylphenylphosphine (Me2PPh, DMPP) as an initiator, the TEC reaction takes 
place extremely rapidly as well as quantitatively. The anionic chain mechanism proposed for 
the amine/phosphine mediated nucleophilic thiol-ene reaction with an acrylate is shown in Fig. 
12.31(B). 

Under radical-mediated conditions, a thiol also adds to a yne. The radical thiol-yne reaction 
can be considered as a sister reaction to the radical thiol-ene reaction because it possesses charac- 
teristics virtually identical to those of the radical thiol-ene reactions. As with the thiol-ene reaction, 
the thiol-yne reaction, in general, proceeds rapidly under a variety of experimental conditions in an 
air atmosphere at ambient temperature and humidity, selectively yielding the mono or bisaddition 
products with little to no clean up required. In the case of the double addition products formed 
under radical conditions, the reaction of two equivalents of thiol with a terminal alkyne is itself a 
two-step process (Fig. 12.32). The first, slower, step 1 involves the addition of thiol to the C=C 
bond to yield an intermediate vinylic radical that subsequently undergoes chain transfer to 
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additional thiol, yielding the vinyl thioether and concomitantly generating a new thiyl radical. The 
vinylthioether product is able to undergo a second, faster, formally thiol-ene, reaction with the 
newly generated thiy] radical in step 2, yielding the intermediate bisthioether radical that undergoes 
chain transfer with another thiol molecule quantitatively yielding the target bisthioether (Yu 
et al., 2009). 
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Figure 12.31 (A) Mechanism for the radical-mediated thiol-ene reaction with a terminal ene. (B) Anionic 
chain mechanism for the amine/phosphine mediated nucleophilic thiol-ene reaction with an acrylate. (From 
Yu et al., 2009. With permission from John Wiley & Sons, Inc.) 
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12.5.2 Synthesis of Star Polymers and Dendrimers 


As we have noted earlier, TEC reactions compare favorably with CuAAC reactions, including the 
use of readily available starting materials and catalysts. However, unlike CuAAC, the TEC re- 
action is free of metals and can be performed under photochemical initiation. The TEC is also 
very fast (often quantitative reaction is obseved within a period of seconds at ambient temper- 
ature) compared to extended reaction times and elevated temperatures occasionally required for 
the CuAAC reaction (Binder and Sachsenhofer, 2007). The use of TEC reaction has therefore 
attracted attention as a means of preparing star polymers and more complex polymers, such as 
dendrimers and other sterically hindered structures. 

Hawker and coworkers (Killops et al., 2008) reported that photochemical TEC reactions al- 
lowed robust, efficient, and orthogonal synthesis of dendrimers in a divergent manner (Fig. 12.33). 
Starting from the tris-alkene core, 2,4,6-triallyloxy-1,3,5-triazine (A) and choosing 1-thioglycerol 
(B) as the ABz monomer for its thiol functionality, two readily functionalizable hydroxy groups, 
and its miscibility with A, they used TEC chemistry to construct both the backbone as well as func- 
tionalize the chain ends. The solvent-free TEC reaction between A and B, in the presence of trace 
amounts of photoinitiator, 2,2-dimethoxy-2-phenyl-acetophenone (DMPA) and with 1.5 equiv of B 
per alkene, was carried out at room temperature, without deoxygenation, by irradiation for 30 min, 
giving the first-generation, hexa-hydroxy dendrimer [G1](OH)¢ in quantitative yield. Subsequent 
esterification of [G1](OH)¢ with 4-pentenoic anhydride, (H2C=CHCH2CH2CO),0, in the pres- 
ence of 4-dimethylaminopyridine (DMAP) furnished the ene-functional dendrimer [G1](ene)6. 
By repetition of this stepwise procedure, the fourth dendrimer, [G4](OH)ag, was obtained with 
unprecedented efficiency. 

Various commercially available thiols react photochemically with tetravinylsilane to give the 
corresponding tetrasubstituted thioether compounds: 


The reactions proceed in air in high yield under photochemical irradiation, and purification steps, 
if necessary, involve simple precipitation or extraction steps. Rissing and Son (2008) prepared 
carbosilane-thioether dendrimers in a divergent fashion starting with tetravinylsilane as a core, fol- 
lowed by a succession of alternating thiol-ene and Grignard reactions. While 3-mercaptopropyl- 
trimethoxysilane, HS(CH2)3Si(OMe)3, that is, R = -(CH2)3Si(OMe)3 in the above equation, was 
used for branching via TEC reaction, the vinylation of the dendrimer ends was performed with 
vinylmagnesium bromide in THF: 


Si(OMe)3 + CH2 =CHMgBr — —-Si(CH=CH2)3 


Vinyl-terminated dendrimers up to the fifth generation were thus prepared in excellent yields (78- 
94%). 

Since polymers synthesized by RAFT polymerization technique bear thiocarbonylthio end 
groups that can be reduced to thiol functional species under facile conditions, RAFT-synthesized 
polymers can serve as masked macromolecular terminal thiol-containing materials capable of un- 
dergoing TEC reactions. Primary and secondary amines are convenient and efficient reducing 
agents for the thiocarbonylthio end groups. Importantly, the thiol-ene reaction also proceeds 
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Figure 12.33 Divergent synthesis of a fourth generation hydroxyl-terminated dendrimer with triazine core 
via thiol-ene click chemistry. (From Killops et al., 2008. With permission from American Chemical Society.) 


rapidly under nucleophilic catalysis with primary and secondary amines. Consequently, the amine 
used for the reductive aminolysis can also facilitate addition of the thiol to the activated ene. More- 
over, the orthogonal nature of reductive aminolysis and TEC reactions allows the two processes to 
be conducted in one pot. 

Chan et al. (2008) demonstrated the applicability of the aforesaid one-pot concept by perform- 
ing a novel convergent synthesis of 3-arm star polymers in which a RAFT-prepared homopoly- 
mer was subjected to sequential reduction of the thiocarbonylthio end group to a thiol functional 
group followed by TEC reaction to yield the target star polymers. Thus, a homopolymer of 
N,N-diethylacrylamide, poly(DEA), was prepared under standard RAFT conditions employing 
1-cyano-1-methylethyldithiobenzoate, as the RAFT agent in conjunction with AIBN in DMF at 
70°C with a target molar mass of 4500 g/mol at quantitative conversion. For one-pot synthesis 
of 3-arm star polymer (Fig. 12.34), the poly(DEA) homopolymer was mixed with trimethylol- 
propane triacrylate (TMPTA), hexylamine (C6H13NH2), and dimethylphenylphosphine (Me2PPh) 
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Figure 12.34 Formation of 3-arm star polymers by RAFT polymerization and TEC reactions. [Adapted 
from Chan et al. (2008) and Sumerlin and Vogt (2010).] 


combination at a molar ratio of -SH: ene of 1.5: 1 (to favor star formation). Since the reaction in- 
volves a macromolecular secondary thiol, the primary amine-phosphine combination, as opposed 
to only amine, was employed (Me2PPh being an extremely potent catalyst for such thiol-ene reac- 
tions). The amine-phosphine combination is also beneficial since the phosphine serves a second, 
important role of eliminating the formation of the polymeric disulfide species that can form after 
end-group reduction to -SH and often readily occurs in the presence of only amines under a nor- 
mal air atmosphere (Chan et al., 2008). From FT-IR spectroscopy and 'H NMR analysis of the 
products it was established that the macromolecular thiol-ene reaction is both fast and quantitative 
enough to be described as a click reaction. 

Employing a similar approach as above, thiol-terminated RAFT polymers have also been re- 
acted with a variety of low and high molecular weight acrylate species for efficient end functional- 
ization (Spruell et al., 2009) and immobilized onto ene-decorated microspheres of poly(divinyl 
benzene) (Goldmann et al., 2009). Considering the abundance of commercially available acti- 
vated alkene substrates amenable to nucleophilic addition (e.g., acrylates and maleimides) and 
the simplicity-cum-robustness of the aforesaid approach, the RAFT/thiol-ene combination can be 
expected to remain as a valuable tool for macromolecular synthesis (Sumerlin and Vogt, 2010). 
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EXERCISES 


12.1 Describe the main criteria that should be satisfied for a reaction to be called a “click reaction” ? How 
would you justify the inclusion of the following reactions into the pantheon of click reactions: (a) 
Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reactions; (b) strain-promoted azide-alkyne 
coupling (SPAAC) reactions; (c) Diels-Alder (DA) cycloaddition reactions; (d) thiol-ene (TE) reac- 
tions; and (e) thiol-yne (TY) reactions ? 


12.2 The majority of polymer structures today are based on polymerization or functionalization of vinyl 
monomers derived from a limited range of families, such as styrenic, acrylate, or a-olefin-based 
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systems. The development of a new vinyl monomer family that combines the attractive features of 
thermal and chemical stability besides having functional handles similar to traditional vinyl systems 
would represent a significant advance in the area of functionalized materials [Thibault, R. J., Tak- 
izawa, K., Lowenheilm, P., Helms, B., Mynar, J. L., Fréchet, J. M. J., and Hawker, C. J., J. Am. 
Chem. Soc., 128, 12084 (2006)]. In this respect, 4-vinyl-1,2,3-triazole monomers, which can be easily 
synthesized by click chemistry techniques, are expected to possess many of the outstanding features 
of traditional vinyl monomers. Considering this perspective, (a) identify structural similarities be- 
tween 4-vinyl-1,2,3-triazole (VTZ) monomers and the most commonly used vinyl monomers, such 
as styrenics, vinyl pyridines, and acrylates; (b) suggest preparation methodologies for two such VTZ 
derivatives, which can be considered as functional equivalents of styrene and methacrylate, starting 
from 1-trimethylsilyl-2-vinyl acetylene and 2-methylbut-3-yn-2-ol using click chemistry. 


12.3 While in a fairly large number of cases, RAFT-mediated polymerization is used to conduct the con- 
trolled polymerization of vinyl monomers, to link such a vinyl polymer to a substrate, esterification 
via the leaving group of the RAFT agent is used in most cases, though this induces a hydrolyzable 
link, which is not always desirable. To mitigate this problem, a new RAFT agent with leaving group 


based on a triazole moiety : " 
R A 
S Z 


N—N 
was introduced by Akeroyd et al. (2009) [Akeroyd, N., Pfukwa, R., and Klumperman, B., Macro- 
molecules, 42, 3014 (2009)]. Besides playing an active role in the stabilization of the intermediate 
radical in RAFT polymerization, comparable to the phenyl group in a benzyl leaving group, triazole 
provides a link which is aromatic in nature and is therefore extemely stable. Suggest a click procedure 
to synthesize the above RAFT agent with R = H, R; = phenyl, and Z = O-ethy], i.e., 


How can additional stabilization of the leaving group radical be provided ? 


12.4 Suggest a procedure combining ATRP and CuAAC for “one-pot” synthesis of (HEMA), methacrylate 
macromonomer. (HEMA = hydroxyethyl methacrylate.) 


12.5 Suggest a route, via combination of ATRP and CuAAC reaction, for efficient synthesis of polystyrene- 
b-poly(n-butyl acrylate)-methacrylate macromonomer, where each block in the copolymer chain has 
a degree of polymerization of about 30. 


12.6 a@,w-Dibromo-terminated homo-telechelic polystyrene (DBPSt) was prepared [Tsarevsky, N. V., Sumer- 

lin, B. S., and Matyjaszewski, K., Macromolecules, 38, 3558 (2005)] by ATRP of styrene(St) with a 
difunctional initiator, dimethyl 2,6-dibromoheptadioate (DM-2,6-DBHD) with the following condi- 
tions: [St]/[DM-2,6-DBHD]/[CuBr]/[PMDETA] = 74: 1: 0.5 : 0.5, 40 vol% toluene, 80°C, 140 
min, 20% monomer onversion. The resulting homotelechelic polymer (DBPSt) was isolated, purified, 
and reacted with NaN3 in DMF solvent at room temperature to a,w-diazide-terminated polystyrene 
(DAPSt). After purification and isolation, this product was subjected to step-growth click coupling 
with equimolar amount of propargyl ether in DMF at room temperature using a CuBr catalyst. 
(a) Show equations for the sequence of reactions in the above process. (b) Calculate the molar mass 
of DBPSt. (c) Given that the macromonomer conversion in the step-growth polymerization was 
90%, calculate the number average molecular weight (Mn) of the polymeric product obtained. [Ans. 
(b) 1903 g mol™!; (c) 20,933.] 


12.7 Various end-functionalized polymers can be synthesized by reacting alkynes with azide-derivatized 
polymers prepared by ATRP. Accordingly, suggest a synthetic strategy to prepare œ,w-dihydroxy- 
terminated polystyrene by a combination of ATRP and subsequent modification via CuAAC reactions. 
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12.8 


12.9 


12.10 


12.11 


12.12 


12.13 


12.14 


12.15 


12.16 


12.17 


12.18 


12.19 


12.20 


12.21 


Chapter 12 


Using a combination of ATRP and CuAAC reactions, suggest an efficient route for the synthesis of 
narrow-disperse cyclic poly(N-isopropylacrylamide) with an average of 80 monomer residues in the 
polymer ring. 


Suggest a modular strategy for the synthesis of the inverse star block copolymer, [poly(e-caprolactone)- 
b-polystyrene]»-core-[poly(e-caprolactone)-b-polystyrene] . 


Discuss feasible routes for the synthesis of narrow-disperse (a) four-armed star polymer, core-(PCLs59)4 
(where CL = caprolactone) and (b) four-armed star diblock copolymer, core-(PCLs59-b-PStso)4 (where 
PSt = polystyrene). Calculate the theoretical molecular weights of the star (co)polymers. [Ans. (a) 
22,936; (b) 44,332.] 


Describe, in broad outline, synthetic strategies to make the following dendrimer-like miktoarm star ter- 
plymers, using a combination of CuAAC click chemistry and controlled/living polymerization meth- 
ods: (a) core-[PtBA-bp-(PSt)(PCL)]3 and (b) core-[PSt-bp-(PEG)(P1BA)]3. (Note: St = styrene; 
tBA = tert-butyl acrylate; CL =caprolactone; EG = ethylene glycol.) 


Describe a synthetic strategy for preparation of cyclic poly(N-isopropylacrylamide) of polymerization 
degree approximately 100, based on RAFT polymerization and click chemistry. 


Devise a methodology to synthesize a,w-dihydroxy telechelic poly(N-isopropylacrylamide) by com- 
bining click chemistry with (a) ATRP and (b) RAFT polymerization. 


It is proposed to prepare, by combined use of RAFT polymerization and click chemistry, high-density 
polystyrene-b-poly(methy] acrylate) brushes on silica nanopartiles. To this end, discuss an optimum 
synthetic strategy and give an outline for synthesis. 


Polymers of acrylamide (PAAm) represent an important class of materials because of applications 
such as in coatings, flocculants, paper making, mining, electrophoresis, and biology. While RAFT 
polymerization and click chemistry can be used for surface modification by both “grafting to” and 
“grafting from” approaches, surface modification using the “grafting to” approach is more challenging 
in achieving higher grafting densities. Considering these points, devise a “grafting to” approach based 
on RAFT polymerization and click chemistry for surface modification of silica nanoparticles with 
polymer brushes of tethered PAAm chains. 


Briefly outline the methods of synthesis of (a) the functional initiators (XVID - (XXI) and (b) the 
post-polymerization functionalizing agents (XXII) and (XXIID, referring to Fig. 12.22. 


Hizal and coworkers [Durmaz, H., Karatas, F., Tunca, U., and Hizal, G., J. Polym. Sci., Part A: 
Polym. Chem., 44, 499 (2006)] synthesized a compound, (XXI) (Fig. 12.22), having an anthracene 
functionality as also a NMP site and an ATRP site. Show how through combination of the DA click 
reaction, ATRP, and NMP, a heteroarm H-shaped terpolymer (PSt)(PtBA)-bp-(PEO)-bp-(PtBA)(PSt), 
containing PEO as a backbone and PSt and PtBA as side arms via a branch point (bp) at either end of 
PEO [where PSt is polystyrene, PtBA is poly(tert-butyl acrylate), and PEO is poly(ethylene oxide)] 
can be synthesized. 


Make a suitable choice of click reactions to enable efficient one-pot synthesis of the following ABC tri- 
block copolymers : (a) PEG-b-PSt-b-PMMA and (b) PMMA-b-PSt-b-PCL [where PEG is poly(ethyl- 
ene glycol), PSt is polystyrene, PMMA is poly(methyl methacrylate), and PCL is poly(e-caprolactone)]. 


Diels-Alder click reactions have been successfully used for the preparation of well-defined star poly- 
mers. Devise methodologies using this route to prepare 3-arm star polymers with uniform arms, 
core-A3, where A is (a) poly(ethylene glycol), (b) poly(methyl methacrylate), and (c) poly(tert-butyl 
acrylate). 


How can click chemistry techniques be combined with LRP/CRP methods to carry out surface modi- 
fication of silica nanoparticles ? 


(a) How will you make polystyrene, poly(methyl methacrylate), and polycaprolactone with multiple 
alkene functional groups along the backbone chain ? (b) How will you utilize these functional sites to 


Polymer Synthesis by Click Chemistry 725 


12.22 


12.23 


12.24 


12.25 


introduce -CO 2H groups on the backbone ? (Note: By introducing -CO2H groups in this way a sig- 
nificant change in solubility and associated increase in ability to modify the surface of nanoparticles, 
etc., can be effected.) 


The protected amino acid, N-(9-fluorenylmethoxycarbonyl) cysteine (Fmoc-C) is a building block/mo- 
del for the attachment of peptide fragments to synthetic materials. Devise a stratgy to synthesize low 
polydispersity polystyrene with multiple Fmoc units along the backbone. 


How can Diels-Alder and retro-Diels-Alder reactions be used for the preparation of thermoresponsive 
dendrimers and dendronized hyperbranched polymers ? 


Discuss a possible method of synthesizing an asymmetric telechelic polymer based on poly(methyl 
methacrylate) (DP ~ 50) with a carboxylic group at one end and a hydroxyl group at the other, using 
combined thiol-ene and CuAAC click reactions. 


Describe the synthesis of a third generation vinyl-terminated dendrimer in a divergent fashion by 
alternating thiol-ene and Grignard reaction sequence, using tetravinyl silane for forming the core, 3- 
mercaptopropy] trimethoxysilane for branching, and vinyl magnesium bromide (Grignard reagent) for 
vinylation of dendrimer ends. 
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Appendix A 


Conversion of Units 


SI UNITS AND CONVERSION FACTORS 


Physical Name of Symbol for Definition of 
quantity SI unit SI unit SI unit 

Length Meter m Basic unit 

Mass Kilogram kg Basic unit 

Time Second s Basic unit 

Force Newton N kg m s7? (=J m7!) 
Pressure Pascal Pa kg m7! s~2 (=N m7) 
Energy Joule J kg m? s7? 

Power Watt W kg m? s3 (=J s7!) 


To convert from 


Physical Customary customary unit to 
quantity unit SI unit SI units multiply by 
Length in. m 2.54x 10-2 
Mass Ib kg 4.535 923 7x 107! 
Force dyne N 1x107> 

kgf N 9.806 65 

lbf N 4.448 22 
Pressure dyne/cm? Pa or N m~? 1x107! 

atm Pa or N m~? 1.013 25 x 10° 

mm Hg Pa or N m~? 1.333 22 x 102 

-2 


lbf/in.? or psi Paor Nm 6.894 76 x 103 


727 


728 


SI UNITS AND CONVERSION FACTORS 


Physical Customary 


Appendix A 


To convert from 
customary unit to 


quantity unit SI unit SI units multiply by 
Energy erg J 1x 107 
Btu J 1.055 056 x 103 
ft-lbf J 1.355 82 
cal J 4.187 
eV J 1.602 x 107!° 
Area in? m? 6.451 6x 1074 
i m? 9.290 304 x 107? 
Density lb/ft kg m~? 1.601 846 3x10 
Viscosity poise (dyne s/em?) kg m7! 1x 107! 
Ns m` 
Viscosity, 
kinematic Stoke (cm?/ s) mê s7! 1074 
Surface 
tension Ibf/ft Nm! 14.59 
dyne/cm Nm! 10-3 


Additional Conversion Units 


1 = 10° cm = 107" m 


1 kgf/cem~ = 9.807 x 10* N/m 


latm =76 cm Hg (at0°C) 1HP = 550 ft Ibf/s = 2545 Btu/h 


= 14.696 psi = 746 W 
t°C= (1.84 + 32)° F 
t? F = (5/9)(t —32)°C 


1 eV = 1.602 x 107!? erg 
1 u = 1074 cm = 1076 m 


Appendix B 


Fundamental Constants 


Constant 


Acceleration of gravity 
(g) (standard value) 


Normal atmospheric 
pressure 


Volume of 1 mole 
of ideal gas at 

at 1 atm and 0°C 
Avogadro’s number 
Atomic mass unit 


Universal gas constant (R) 


Boltzmann constant (k) 


Faraday constant 
Planck constant (h) 


Velocity of light in 
vacuum (c) 


Electronic charge (e) 


Electron rest mass 


CGS system 


980.665 cm s~? 


1,013,250 dyne cm~? 


22.4136 litre 
6.0220 x 1073 mole™! 
1.6604 x 10724 g 

1.9872 cal deg™! mole7! 


1.3807 x 107!6 erg 
deg! molecule! 


6.6262 x 10-27 ergs 


2.99792 x 10!9 cms! 
4.80325 x 107! esu 


9.1095 x 10-78 g 


SI system 


9.8066 m s~? 


1.01325 x 10% N m? 


22.41136 x 107? m3 mole! 
6.0220 x 1073 mole”! 
1.6604 x 10727 kg 

8.3143 Jdeg™! mole”! 


1.3807 x 10-3 
J deg™! molecule! 


96,487.0 Coulomb mole! 


6.6262 x 1074 Js 


2.99792 x 108 ms7! 
1.60219 x 107!9 Coulomb 


9.1095 x 1077! kg 


729 


730 


FUNDAMENTAL CONSTANTS (continued) 


Constant 


Proton rest mass 

Neutron rest mass 

Debye (D) 

Bohr magneton (BM) 
Permeability of vacuum (uszp) 


Permittivity of vacuum 
(1/Hoc*) 


CGS system 


1.67265 x 107” g 


1.67482 x 107% g 


9.2731x107?! erg gauss”! 
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SI system 


1.67265 x 10-27 kg 
1.67482 x 10-27 kg 


3.336x10739 Coulomb m 


12.566x1077 N A~? 


8.85419x107!2 F m7! 


Source: E. R. Cohen and B. N. Taylor, J. Phys. Chem. Ref. Data, 2, 663 (1973). 
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